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REMARKS 



Present Status of the A pplication 

Claim 1 is objected to because "to exposed" should have been "to expose". The Off.ce 
Action rejected claims 1-22 under 35 U.S.C. 112, first paragraph, as failing to comply with the 
enablement requirement. The Office Action also rejected claims 1. 10 and 19 under 35 U.S.C. 
1,2, second paragraph, because there is insufficient antecedent basis in the claims. 

Applicants have amended claims 1,10 and 1 9 to more clearly define the present invention. 
After entry of the foregoing amendments, claims 1-22 remain pending in the present application, 
and reconsideration of those claims is respectfully requested. 



Claim Objections 

Claim 1 is objected to because "to exposed" should have been "to expose". Applicant has 
amended "to exposed" into "to expose" in claim I to overcome the objection. 



Rejection unrw 35 U.S.C first oaramaph 

The office action points out claims 1-22 contains subject matter, which was not described 
in the specification in such a way as to enable one skilled in the art to which it pertains, or with 
which it is most nearly connected, to make and/or use the invention. Specification only discloses 
etching the (hard) mask layer using a patterned photoresist layer but does not provide any clear 
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explanation how to form the plurality of micro-inches that one of skilled in the art reasonable 
practices the invention. 

Applicant respectfully traverses the rejections for at least the reasons set forth below. In the 
specification of the present application, in Fig. IB, using the patterned photoresist layer 108 as 
etching mask, the hard mask layer 104 is etched. Due to the trenching effect, a portion of the 
hard mask layer 104 remained in the exposed region 1 20, and micro-trenches 1 10 are formed at 
the edges of the exposed region 120 (see paragraph [0020] of the specification). In other words, 
the micro-trenches 1 10 can be formed due to the trenching effect in an etching process. As a 

■ 

matter of fact, the trenching effect is happened or existed in an etching process that is well 
known to the people skilled in the art. Conventionally, the trenching effect is undesired when an 
etching process is performed to pattern a film layer (see paragraph [0019] of the specification). 
However, the present invention utilizes the trenching effect in an etching process to form micro- 
trenches. 

Applicant also provides four references to show the trenching effect is prior art and is well 
known to the people skilled in the art. In particular, the reference of "Robert J. H., Mark J. K.. 
Microtrcnching resulting from specular reflection during chlorine etching of silicon, J. Vac. Sci 
Technoi. B 16(4), July/Aug 1998, pp 2102-2104" describes that microtrenching refers to 
profiles for which the etch rate is larger near the corners of a trench compared to the center of 
the trench. The etch profile across the floor of the trench is therefore either convex or has 
vertical slots at the base of the sidewalls (see lines 9-13, first paragraph, page 2102). This 

Page 8 of 1 0 



PAGE 9140 * RCVD AT 317/2006 3:56:32 AM [Eastern Standard Time] * SVR:USPT0€FXRF-1/19 * DNIS:2738300 * CSID: * DURATION (mm-ss):16-16 



MAR-07-2006 TUE 17:00 



FAX NO. 



P. 10/40 



1 1 



Customer No.: 31561 
Application No.: 10/71Q,4S8 
Docket No.: 10304-US-PA 

reference also describes that retrenches was first discussed by Nguyen et al. iElectrochem. 
Sac. 138, ni2 (1991) (lines 23-24, first paragraph, page 2 102). 

Because the micro-trenches are formed due to the trenching effect in an etching process 
which has been described in the specification and the trenching effect is well known to the 
people skilled in the art, applicant submits people skilled in the art can practice the invention 
according the written description of the specification. 



Rejection unrl*»- 3* 1I.S.C 1 , paragraph 

The office action rejected claims 1 and 10 because the limitation "due to the trenching 
effect" lacks antecedent basis in the claims. The office action also rejected claim 19 since there 
is insufficient antecedent basis for the limitation "the exposed region" in the claim. 

Applicant has canceled "due to the trenching effect" in claims 1 and 10 to overcome the 



rejection. 



Applicant has also amended claim 19 as below to overcome the rejection. 

19. A method of reducing pattern pitch on a substrate, comprising the steps of: 
forming a material layer over the substrate; 

fo mini a patterned mask layer on the material layer ^^^ ry^ff 

I . „ ^hirttr nrocess bv usinethe patterned mask layer as etching masK ioi 

and 

removing the patterned mask layer. 



• ■ 
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For at least the foregoing reasons, \X is believed that the pending claims are in proper 
condition for al.owance. if the Examiner be.ieves that a telephone conference would expedite 
the examination of the above-identified patent application, the Examiner is invited to call the 
undersigned. 



Date: j^at^Lj 7, ^£ 



espectfully submitted. 
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Mask charging and profile evolution during chlorine plasma etching 
of silicon 

K. H. A. Bogart ,« F. P. Ktamtne, M. V. Malyshev, J. I. CotoMII. V. M. Donnelly. 
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(Received 20 April I W9; accepted 6 Angus. I9!W> „ e , ntrc «chc!. 
Nonidca, It**, profile anomalies such » -^"^^2 SK SfSS fiSS 
at the base of mnch aldewalla are ofta ' ota ^, Bt ?.™2 fo S of ion. is believed to be the 
plasmas. OlT-nomal impact with subsequent, «»t a . u/o, J u I ^ 

primary cause of those anomalies, nearly idenridSy shaped 

aidcwalU is one possible source ot.fe ion deflccl on ^ h. » m y ^ ((J- 

Sidcwfllls and microtrenches were lormcd whe \^^f^Su 0t whether the n«sk waft 
rf source and substrate bias pow* and procure were - ; d> W J fl rf |4 , n?u ,„U„ 4 

insulating (SiQs> or conducting (St oi tungau U. I n« r . r ( j^ triblltlona 

mask material is not die fundamenta l^ of the c pofl J. el wae u ^ ^ 

for each experimental plasma cond , Hon w « c Ha cuhted ^in 8 si'mdated eharged-^k field 



I, INTRODUCTION 

Sidewall profile control during etching in high-densily, 
inductively coupled rf plasmas is essentia! for the ^ductm, 
of gate electrodes and isolation trenches in <P.i »»!«>» 
b S tran.is.or devices.' Transistor gates require vort eal 
J dewatls, normal to the wafer surface, while » 
walls arc often beneficial for other applications .eluding 
2 l0 w trench iso.«tiunr Unwanted profile anomalies such 
i icrutrenehes trig. O - form if the etching .«» * 
h fl « of the trench sidewall is faster than the etching rate in 
S t of rhc trench.-' Other undesirable deviations fro,, 
light sldcwalls including undercut, tupcred o, bow*! con- 
tours! and facet formation can occur during etching U Ift- 

•Che mechanism by which these anomalous profile* i term 
U believed to he a result of deviations In .on ^»<"»* 
porpomHaular to the wafer surface pno, • « »rtace 
imoact "- k '"- u The ion angular distribution (IAD) deter 
mines the spatial variation nf .ho ion flux on the feature 
mines me spauoi ncrciiae ton 

surfaces during etching. A aroaii mm y ~ idcwn iw 
i,„ pD e, and subsequent rcflcehon Iron. ~ 
lci ,ding , the termation of , w . d ^ jly ^ 

1 i„ tt 'onto IAD occurs through ion-neutral eol hs.on end 

charge exchange reac.ions «V^/ n T^^S£?f low- 
*toa*. IAM - i: I" high-dcns.ty 10"-I0 ^J^^ 
nressure (<50 mToiT) plasmas, however, the mean ICO nam 
prchsuu. i j i i throuuh c< hsions In 

-.-6'> cm and increases in tnc i«n 
,!> " " , .' jm„ H.is rhe width ol" the I A 3 is deter- 

the sheath are negligible. i nc w;uin « 



a si 
matio. 



•ifileclronic mail! khfitfiirt«!!lu«'M cu " 1 

197 J. Vac. Scl. Technol. A 18(11. JanfFeb 200C 



mined from the ratio of the ion temperature (/',) in the 
mmcd Wl ™ ' h shMtll p 01 ent.a 

fB?*K i^H-.^ - substantis. n.im- 
LtAtaB. -5 impact feature s dewnl.s during etc. ng _ ons 
lo hyperthcrmal neutral,) that i upact the trench sidcvvfl la at 
LmKales (>«0°) are largely specularly reflected and 
grnzint »ni.« ^ i j „ Ui I j w Cario reature profile 

SS ^S -A for chlorine ICW -f 

" Si) found that >«UH If ions 
sidewalls must be specular to . reproduce 
observed experimentally." If sidewall contour 
he s dcw.,11 can act as a "lens" to focus the reflected .on. to 
ur-all area at the base of thJ sidewall. enhancing the lor- 
2 " of mierotrcnehes.' 1 Molorowala er «/. hav^ modeled 
,, cm J of SlC^cd ,{olysi.ieon (poly-SO with an 
without specular ion scattering, using IADs of 2,10. ami 
^ Without ion scattering M trench bottoms were rounded 
f nt \ the side-walls were MightlJ bowed. The inclusion of ion 
^tSng^d shnrp^if otrenches ant, the deg„e ot 
the sidewall bow increased w Ih broi.de. IADs. 

nifrcremi.il charging of .r^k materials has also been , in. 
pita ted ns a significant contrition to al.erM.ons in , djAj 
Liioirditv of ions within an etching Fcftturv. 
Bu d P of nega ive charge ol insula. ing mask s.dewalls by 
S t ic l-t^ns is though. I deflect positive on muacro- 
Iwri trench sidewnlls (Fig. 2). Kecently the efhxu of 
m ,,k churning on ion direCtlinolity »nd feature profile evo- 
^ h vc been modeled. llW and Oinpis have reported 
m merle Simulation, of etched profile, during h. 8 h-i 
r n ban u etching of Si. 53 Simulations with 0.1 and 0.5 /»m 
£K Sd that mlJrowneh formation was agg a- 
lugn mt)srv3 ^ ^ j inHuded and was wonsc for 

viitccl when mask clu»rgini5 *p meiuuea, una 
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F3C(4 |, Example* of iniiMiitttoui feMiira profile for SI<Vn«ik«J SKI CUM 
waters. 



hiahcr aspect ratio trenches and high electron temperatures 
(X eV). Schacpkens and Oehrlein have shown experimentally 
in siO, etching that charging of the insulating material en- 
hances" microtrench formation. A weak magnetic held in- 
creased the negative charge buildup on the o*ide sidewall, 
thus steering positive ions towards one side of the trench and 
producing asymmetric microtrenches, 

Thi* loboraiory has produced several experimental inves- 
tigations on the effect of high-density C! : plasma etching 
conditions on feature profile evolution in SiO, patterned 
Si(l 00) and poly-Si. 01 * In general, the microtrench depth 
increased with if source power and decreased w.rh I t sub- 
strate bias power. Increasing pressure changed the shape or 
microtrenches from broud wedge-shaped microtrenches to 
deep grooves. The sidewall contour influenced the mi- 
crotrench shape, consistent with a mechanism in which ions 
arc directed towards trench sidcwalls. are scattered, and arc 
subsequently focused to form microtrenches. The « W » 
sidewall contours and microtrench shapes with different 
plasma conditions suggests that the initial dclleet.on ottoM 
was variable, but did noi clniiTy whether the IAD or mask 
charging was the primary cause. 

in Ihis study, we investigate Ihc contribution of made 
chaining lo ion deflection towards the sidewall and subse- 
quent microtrench formation by aching Sil l 001 and poly-Si 
in CI, plasmas using both insulating and conductive mask 
materials.' 3 Comparisons of etched profiles were made lor 
insulating Si0 2 -masked and for conductive, maskless (pat- 
terned Si only") wafers etched with several ion densities (it, ) 
and ion energies (**). Waters patterned with aonductive 
tungsten (W) masks were also etched w.th one set of plasma 
conditions. The results presented below show that charging 
of the insulating mask material is not a significant contribu- 
tion in the romiatiuii of microtrenches or sidewall anomalies 
under typical conditions for CI, plasma etching of Si. 



Unatfeetad Km 

Stoorad Ion 

0r= 




|-'ia. 2. ton xusariae canned by ma* clwijinB. 

II. EXPERIMENTAL METHODS 
A. High-density plasma reactor 

The LAM TCP 9400STi' ,M high-densiiy plasma etching 
system used to fabricate the conductive maskless wafers (de- 
scribed below in See. M B) wd to etch all of the sample 
wafers has been described In detail previously. ' The source 
and substraie bias rf powers were controlled separately, 
therefore nt and £f were independently varied, fhc plasma 
conditions used in this study .0 etch wafers masked with 
bolh insulating and conductive materials are listed in Table I. 

B. Wafer preparation 

SiClOO) wafers (150 mm) with 7.5 /urn epiloxially grown 
silicon (p+ . 0.006-0.10 fl era) were used as substrates. Un- 
doped poly-Si (10 000 A) deposited onto 1000 A^.O, and 
thermally nnnealcd was also used as a substrate. Three dil- 
ferent types of masked Si wafers were fabricated (StO., 
maskless. and W) and their effect on etched I pro ilea were 
compared. The SiQ 2 mask material was sODO A of pldhfiu 
enhanced fctracthoxysilanc (PETEOS) patterned using ^stan- 
dard photolithography and etching techniques T k pa. 
torn structure consisted of a repeating series o I netu. I lines 
nested trenches, isolated trenches, and isolated hn« wnh 
nominal feature size* from 0.17 to 0.60 ^m.*' The pat- 
terned SiO, mask [Fig. 3(a)] had flat tops, sharp corner, ,mi 
tapered (83-) .idcwnlla. The underlying S. was then etched 
In the Cl a plasmas described in Table I. 

The conductive, ■ 'maskless" Si wafers wore prepared by 
first etching SiO,-n»«ked wafers in a HBr plasma lor 270 s. 
This produced -"l .5 M m deep Si trenches with straight sicle- 
• walla and. lint bottoms. The isolated lines had •mifh JJc- 
wnlls and broad, shallow depressions at the base of he S.d £ 
walls, as reported previously.' 1 " Despite a S,0 2 mask 
sidewall tapered at S3*, the postclching silicon sidewall 
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20.4 ±4.9 
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19D 

|W II I imsmuir probe rwuli* Tor Ct 2 ciehlnit orbliink* Sit inO). blnnfeji 
urc fihown jii Table I. 



Material 

suiuoi 



|>roKtiiirt> 



V S£M wrass ncciionn or Cnl h SiO, .^A prior «o uxparimunial Cb 

Lnor ndilna wtth HBr nluMnn unci wil «1 Hw bi0 3 nn^k. mul U I » 
repraNmutton »r pniiirni immlW f«r m^M* Kumylcs eidicd m CI, plus- 
ma*. 

angle was -90°. The SiO, mask was removed in a 7:1 buff- 
ered oxide wei cich birth, leaving trenches and lines in ibe 
silicon. The bottoms of the trenches and ihe tops of the lines 
were flat, the siclewails of the trenches were straight, and the 
corners of the lines wore square [Fig. 3(b)]. The mask I ess 
isolated lines retained flat line tops, straight s.dewalls «d 
the shallow depression adjacent to the seawalls [Fig. 3 l)J. 
The maskloss wafers ware then etched with the same chlo- 
rine plasma conditions as the SiO, masked samples (Table I 
and the pattern was propagated down into the silicon welcr 
while allowing Una individual etching characteristics lor each 
plasma condition to evolve. The c.ch ra.es at the top o( he 
silicon line and the bottom of .ho trench were essentially he 
same, thus, the initial trench deprh was conserved during (he 
ciehinn process [Hlg. 3(d)]. , . 

Wafers were also prepared using W as a mask material. A 
SOCIO A W7400 A TiN (etch stop layer) stack was deposited 
onto Si(l 00) wafers. The pattern structure was etched into 
the W with a SF„ plasma, using a photoresist mask. The 
resulting W mask had slightly bowed sidewulls, rounded cor- 
ners and rout* tops. The Si(lOO) surface was slightly rough- 
" cd when the SF, plasma broke through the TiN eieh atop. 
The W-masked wafers were etched with the baseline plasma 
condition (Table 1). 

C. Morphological analysis 

The profiles of the etched features were analyzed „| n g a 
Toncon OS-I30C scanning electron microscope (StiM) with 
a Prlntcrraco Plus (GW Electronics) digital imaging system. 
The wafers were cleaved perpendicular to the trench direc 
don and analyzed without metal sputter coating. Much ollhe 
Z presented below consists of SEM ™ 
terms used to describe feature prohlcs seen m the n wo- 
ereons have been defined previously. 9 For lines or trenches, a 
stmigh. ."dewell has no curvature and is 90° to the surface 
piano of the wafer. A utpeved sidewall is wiihmii curvature 
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150 


7.43±0.2<i 
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r,.S7±o.i« 
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250 


150 


4,91 ±0.37 


250 


ISO 


3.R3: 1 . 0,2H 


250 


250 


3.KH±0.r>2 


son 


1511 


9.5 (±0.45 


5tUJ 


250 


0.623: u.3* 


750 


25 


20.4 ±4.9 



2.38 ±0.01 
1.9*1 ±0.04 
1.98*0.01 

1. ^sn.03 
l.&7±n.fli 

2. *.3±0.02 
2.02±0.n2 
2.117*0,03 
2.1)4 ±0.04 
2. 07 ±(l-02 
I /H* O.03 

2.45^:0.02 
|,97£0.«l 
2.02±O.fl2 
l.BK±0.03 

l.oo^o.tn 

1.00^0,112 



and deviates from W. A bowed sidewall is curved Bwtjy 
from ihc ton of the line or mask. A microtrcneh 
rhc ai^ft Btthed' «way below the horizon*, position ot the 
center of |he trench bottom. Unless oihenv.se specified, 
nominully 0.6 /xin wide feaiuroa nrc shown, 

D. Langmuir probe and dc bias measurements 

Positive ion densities and electron temperatures were 
mowitd wiih o urnvnuir probe ( ^^^ Sm ^ 
probed cleseribed elsewhere.;^ 7 Si(lOO). SjO^ and 
SiCS-mnsked wafers were useti as substrates. Utrambotsc 
amlysU was used to interpret the shone* or the currcm- 
voltauc (/-n curves. A rulerence eicctiXKle on the probe wns 
»»* I to enrreei the l-V curves lo shift iha plasm, povniui 
during acL,i.isition of the l-V curves. The plum J»*f* 
( V ) W05 P-16 V at 10 mTorrctnd was consistently higlicr, 
17-18 V. at" 2 mTorr. The results token with aH rttrec mate- 
rials ore listed in Table !l. 

nominally identical plasma etching system CLAM 96( FTM 
wera measured with a Muh voltn^e probe a «emWy j bupplicd 
by | AM Research. As discussed below, the de bias voltage 
ami the average were estimaicd to be equal to 

III. RESULTS 

Changes In source rf and substrate bias rf powers or pres- 
sure will alter neutral and ion densities, ion energ.es, and ion 
angu^-nstiibution,.'- 14 These iterations may also a m 
i "n irolcciorioa through differential chorgmg ol tnsulat.ng 
ZS me erials. The results presented below address the 
charging issue by comparing SiO,- and W-maskcd and 
nunkless wafers etched under typical manufaciuring plasma 
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conditions used wilh the LAM MOOSE. Additionally, waters 
were etched wilh conditions that would exacerbate the elleot 
of mask charging (a hi B h TCP source end very ' low aubstraie 
rf bios powers) to further test the effect of diflerenttal mwk 
charging. A compilation of measurements and observations 
or shapes and dimensions, etching rates, and scleenyn.es 
from resultant feature profiles for all the plasma conditions 
investigated is listed in Table III. 
A. Baselino plasma condition 

Nested trenches for Si0 2 -moskcd SKI 00) wafers etched 
with the baseline condition (Table I) are shown in Fig. 400. 
The sidewalls of the trench nro bowed with an inflection 
point near the bottom of the irench. Sharp. V££*«* 
microtrenches arc observed at the ™. ™* h 
bottom and the center area of the trench is «■"* 
without definite planes. No undercutting ur the S./SiO a inter- 
7Z is observed. The top comers of die mask are sightly 
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rounded, but not faceted. The angle of the mask with respect 
to the surface normal is ~o3<\ end did not change with 

^Nested trenches on maskless wafers etched with the taw- 
line condition are shown in Fig. 4(b). The overall trench 
nrofilc and. mierotrenches obtained with a conductive, mate- 
rial are similar to those produced will, an insulating mask. 
The trenches also have bowed sidewolls with an inflection 
point close to the trench bottom. Sharp, grooveshaped .m- 
croircnchcs arc observed at the edges of the trench I x> torn 
and the ccnier is round without well-defined plane*. The top 
comer of ihc .rench siclewall (silicon) is not faceted bui m. 
slightly rounded. If charging or the inaulot.ng mask we. e the 
primary cause of mierotrench formation, wc would expect 
"he features etched with a conductive "silicon mask to he 
devoid or inicroirenches. . 

Isolated lines etched with the baseline condition [Figs. 
4(e) and 4(d)] exhibit nearly identical sidewall contours as 
J e ncstd trenches [Kigs. 4(a) and 4(b)] for SiO s -™ked 
.nd maskless wafers, respectively. The mierotrenches «dja- 
cent to the bottom of the lino ore similar in shape and sever- 
ity ,o those observed inside the nested trenches. The shape o 
the SiO, mask and the tops of the muskless line are also the 
anmc as" those of the nested trenches. 

There are subtle differences between the contours of t 
trenches and lines etched with different mask mineral! that 
we attrilnitc to effects other than mask charging. In the mask- 
• less samples, the sldewalls of nested trenches and .sol tut 
fines flare away towards the trench center or the open a.co 
e" five tp rhc y si0 2 -m..skcd samples. Before eu.h.ng J. 
SIO! mask sidewails (5000 A high) are tapered (SO ) and the 
maskless line sidewails (.5000 A high) are strn^h j^on im- 
pact and subsequent scatter from the d.fTeron^ 
antslus. and aspect ratios may account for the m nor cUn« 
S between the feature profiles. The most notable d. - 
lerence between the SlO,-musked and maskless samples .s 



PAGE 15/40 * RCVD AT 3/7/2006 3:56:32 AM [Eastern Standard Time] • SVR:USPT0-EFXRF-1/19 * DNIS:2738300 ■ CSID: ' DURATION (mm-ss):16-16 



MAR-07-2006 TUE 17:02 



FAX NO. 



BEST AVAILABLE COPY 



201 



201 



Bogart et a/.: Mask charging end profile ovolutiotl 





n <*> 


— 250nn 

■ 

Mr 


feiL 



290nm 




250 1 it n 




ft jfe! # i 




aaanm 



rm 5 SI M cross suctions »l' Si(.H><» eiuliuU with inn baseline plniiimi 

^L^ror M * Ihr (HI SKVUfHal SWW"*". 

11 V i ,i ,^,,-1,... fei .. <?iC%-mu.skcLl SHlUtl) wo line, ;iHd 

idi ii W-mcixkvil isoltnud lino. j 

■ 

i 
i 

that the microircnch adjacent to the masklcss isojared line 
litis an additional declivity towards the open urea.- I.his de- 
clivity originates from the broad, shallow depression jiormed 
during *e HBr etch [Fig. 3(c)]. The Cl ? plasnin # W 
exacerbate the depth of this area ^^^rT ^tt 
yields that peak at off-normal incidence.-" • rdkin tt ;lhe t ini- 
tial declivity into account [Fig. 3(e)], the similarity of the 
microtrench shapes with both insulating and conductive ma- 
terials, and thus wirh and without the possibility ol;chqrgc- 
induccd deflection of ions, suggests mask charging is not 
a major influence under these conditions. j 

* 

i 

B. Tungsten mask | 

In the results presented above, the absence of j a mask 
material with greater etch selectivity Hum the underlying « 
col , migh. bcthouuh. to affect the profile evolution and the 
mask charging experiment. To address this issue, wc lubri- 
cated 51(100) wafers patterned with it conductive tungs en 
mask, and then etched ihem with i ho baseline cond. ion 
(Table II. The W mask was the same thickness as the S O, 
mask, allowing the iniiinl aspect ratios w bo more similar 
than .hose of the maskless samples ^er c^mptorions 
make a direct comparison more difficult. The initial; W m k 
profile was rough on top and had slightly bowed s.dewt, Is 
AS noted above, the etch-stop layer was penetrated by the 
SF„ Plasma during the W mask etch and resulted ;n rough- 
ening of the Si surface prior to CI, plasma etching, li e 
morphology of this surface is propagated during the C lj 
plasma etch, making the microtrenches more dtmeull to d,s- 

" The W-maskcd nested trench profile [Fig. 5(b)] is compa- 
rable to its SiO^masked counterpart IFig. S(q .), etched or 
the same time. 145 s] and to the maskless sample [Fig. 41WJ, 

nth It has bowed sidcwalls. groove-shaped munches. 

„d rounded trench bottoms. No undercut was 
me W mask, and the top of the W mask is not faceted. MM 
slTghtly rounded and smoother after CI, plasma , exposure. 

i 

j 
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Fio. «. SUM cross MrSHIWI *hh hl«h tSOa w TaW. U 

TCI' wurcu P»w^ <*' SiOj-mu^L-d netf-id trendies, h) inwUcs* ^s"-" 
iwche*. iiil « SiOr.ni.ikwl tatoled line, on.l (J1 « mpsHcm .».h.'cJ hue. 

The corresponding isolated lines [Figs. 5(c). SiO, masked 
and 5(d). maskless] are virtually identical to iho.r nested 
counterparts- The microtrenches will, the W-masked samp « 
are approximately half as deep as those formed w.rh .he SiO: 
mask. This variation in microtrench seventy is likely a resul 
of the slight extension of W musk material Mm the bowed 
sidewall at the W-Si interface. Si cching n4l«««"t » * 
sidewall will be inhibited during the hrst part of the etch by 
mis masking el'fect. and will slow the microtrench i Iw™"*" 
rate unril the W material is etched away. Shallow*, m,- 
crotrenches would be produced. Modest changes m the ion 
scattering mechanism from materials ; of d.ltcnng mas. „d 
from mask sidcwalls with slightly difloroni shapes n ay also 
nffoet the cching process." The feature profile results rom 
the W-masM wafers are cpialiKHively comparable to those 
of mosklcos wafers and wafers masked w,.h S.O„ mdteutmg 
that differcnlial mask charging is not the cause of mi- 
crotrench formation. The shallower microtrenches produced 
wilh the W mask can be explained without having to evoke 
mask charging arguments. 

C. increased rf source power 

The rf source power was doubled from 250 to 500 W. 
Profiles for nested trenches etched with the S.O : mask arc 
shown in Vig. cuvl. in contrast to the baseline eondmon. he 
microtrenches are deeper (greater overall etch depih for thts 
condition, and curve towards the trench center trench 
sidcwalls are bowed, with the curved contour t^ i^T 
derncath the SiO, mask, giving the sidcwalls a si gh. houi- 
aloss" shape. The trench bottom .s not rounded, hut has two 
Sc. 5«t fo- a polygonal shape in «o 
Ihe trench. With the higher rf source power. .*» H*™* 
was slightly faeeied. No andercuu.ng directly below the 
«5i/RiOT intorfboo is observed. 

Sk L wafer, etched with the hi«h rf »«P^ 
[Fif 6(h)] have trench sidewall contours and microtrenches 
col Sb le lo those etched with the insulating SiO, mask 
K Sol- The trench sidcwalls are bowed tl.e.r entire 
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tcnuih with an inflection point near the bottom of the »Me- 
wnU deep ^ovc-shnped micro ire nodes curve lowbixIs rhc 
comer or the irench, and the trench bottom has two disrmct 
planes, thin form a point in the bottom of the: irench. The 
microtrcnohm in the maskless sample arc shallower thstn 
those in the SiO.-masked sample. The smaller microirench 
size and rhe more triangular irench bottom shape with the 
masklcss sample nre likely due to slight changes in ion re- 
flection from the differently qnfiled sidewalk; and the shorter 
irench width near the bottom of the trench. The Lops or (ho 
masklcss trench sidowolls are faceted when etched at htfiher 

rf source power. . 

Isolated lines etched with high TCP power [Ngs. 6(c) unci 
6(d)] are also presented for Si0 2 -maslccd and mnsklcsa wa- 
fers respectively. The overfill sidewall contours find the tops 
of the lines (Si 6, masked and masklcss) ere near replicas ci 
the nested tranches. The masklcsfi sample has the actional 
declivity away from the isolated line, an enlargement ol fto 
depression generated by the initial HBr plasma etch [H* 
3(c)] With the initial masklcss contour taken into account, 
the shapes and depths of the microtrenehes arc similar wiTh 

and without an insulating musk. 

Slight differences between the elched profiles are notice- 
able for SiO.-maskcd and nmskleas samples mid are poten- 
tially due to variations in ion scattering mechanisms irom the 
different musk materials and mask shapes, as mentioned 
ohove, and not due to the effects ol' mask charging, ai the 
higher TCP power, the sidcwiilt contour for the Si0 3 -mnsKed 
nested trenches is more bowed, having more of an hourglass 
shape than for the corresponding isolated lines. A Ukely 
explanation is thai scattering of ions from accent 
in nested regions leads to a slight erosion of the sidewalk. 
This nearest neighbor effect may also form the inflection 
points, seen only in nested trenches.- 5 It is Important to note, 
however, that ion sonttcring from these adjacent teaturcs 
does not lead to mUvotrcnch formation, since microtrenehes 
are observed with isolated lines. The isolated lines provide n 
superior rest of the mask charging effect than do the nesied 
Matures because scattering from adjacent trench sidewalU 
cannot contribute to the profile shape. 

LnnuiTHiif probe measurements obtained during Ch 
plasma etching of a SKI 00) wafer revealed that as rf source 
Jowor was increased from 250 to 500 W. irf nerved Irom 
\ 83+0.24X10'" to 9.31±0.45XI0 W cm and T r de- 
creased slightly, from 1.97*0-01 to J R»±0.tt cV. With the 
incase in rf source power. V* 

-120 V. The feature profiles etched at 500 W show o 
marked increase in the decree of the sidewall bow, the depth 
of the microtrenehes, and the formation ot facets on the tops 
of both the Si0 2 and maskless (silicon) trenches relate to 
chase etched with the baseline condition (250 W). These data 
surest that an increase in „* . and hence ion flux, worsens 
mieroirench and facet formation. The presence ot an insu lut- 
ing mask material, however, does not cause a sigmhoont 
change in the overall feature profile for plasma conditions 
with high ion flu*. 

J. Vac. SCI. Technot. A, Vol. 18, No. 1. Jan/Fib 2000 




Flc , 7 . *i:.M cros, sections SI(lOn) eM"4 "Ml hliih {250 W. Tihfcj ll I rf 
..tain* bin., ,*,wcr *r to) »^^^ I .^;^*J^ , ^ 
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D. Increased substrate rf bias power 

rhc substrate rf bias power was increased to 2s() W rela- 
tive to Ihc baseline condition (150 W). Nested trenches 
masked wi.h Si0 3 find etched with this condition are shown 
in Fie 7(a). The sidcwalls or ihe trench arc significantly 
more bowed than samples elched with the baseline or high 
TCP source power conditions, resulting in a more hourglass- 
like shape. Peon groove-shaped micrnirenchcs arc observed 
Ht the cage or the trench sidewalls. and they curve towards 
the trench center. The interior side of the raicrotreneh .s ver- 
ticil and the trench center is flat, with rounded edges. No 
undereuttine directly below the Si/SiO, interlace .s observed 
and ihc SiO, mask is slightly faccicd. 

The maskless wafers etched wirh high rt substrate power 
are nearly identical to their SiOj-niaskcd coumerports. Ihc 
trench sidowalls are bowed, with an inflection point near the 
bottom of Ihe trench [Fig. 7(b)]- Deep groove-shaped mi- 
crotrenehes curve towards the center of the 
two distinct planes, forming a polygonal shape. Ihc dittcr 
ence In the polygonal shapes in the center ol ihc 
SiC-masked and maskless trenches may be from diMcrencch 
in the scattering angle for ions scattering from the smoothly 
curved SiO-maskcd sidewall and the inflection pomt in ihe 
masklcss sidewall. The tops of the maskless trenches are 

slightly faceted. .. . - ( ■. 

The isolated lines for these plasma conditions LHgs. W. 
SiO ,-maaked and 7(d), masklcss] are similar to the ncs led 
features with respect .0 the degree and overall shape of the 
microtrenehes. As was observed with the high source power 
SdS See. Ill B). sidcwalls of the SKVnurted nested 
Imes are more bowed than .he isolated hnes i.whlch arc 
nearly straight) as expected if lhis attribute is caused by l» 
S ea,te y ring from adjacent features. The mj.sk taa I Ml* I J. 
shows the declivity away from the line, initiated by the MB. 
etch and not due to mask charging el tecrs. 
"" Creased rf power to the wafer substrate ln£™>»» 
sheadl piiien.iul (K* changed from -165 to -230 V). thus 
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F,„ 8. SKM cmw wclion. ..rSiHfllO ctehcd wilh law pn^um (1 mlorr. 
Tiibltf II Tor liu SiO.-mnsM nwiwl iwnohOf, (b) iiiii»klo,« n«»l4d trciiL-nu* 
Id a SiO,m«skctl isolate*! line, and fdl a maHkkw i*.lqio.l line. 



increasing f* und decreasing ihe width nrthc IAD ■ ■ (sec 
ihc discussion below). Greater substrate bin potential had 
little effect on nt (3.S8 + 0.62X I0 1 " cm"' ) or on l e (2.0- 
±0 02 cV) relative to the values at 150 W rt bias power 
mentioned above (Table I). The trench profiles etched Bl 
higher substrate bins power (250 W) have a more severe 
sidewall bow and deeper niicrotrcnelws than their base me 
condition counterparts, and are similar to the trenches etched 
with high rl* source power. The lops of the masklcsa trenches 
and lines were slightly faceted, more so than the trenches 
elehed at 1 50 W. but less than the trenches erched fit :.00 W 



source power. Deeper microircnchos were formed with o 
greater K? than with the baseline condition or with a twofold 
increase in «,* , suggesting thai ion energy has a strong el feet 
on microtreneh development. However, at high £, . me 
overall profile of features etched with SiO : -masked and 
musklcss wafers is the some, thus mask charging is not a 
faclor in profile evolution, 

E. Decreased pressure 

The una pressure was decreased from 10 to 2 iflTorr and 
the overall effect on the etched trench profile was dramatic, 
lor the SiOj-masked wafers, (he ncsied trench sidewalls 
were tapered [fig- 8a], contrasting with Ihe bowed contours 
observed with ihc baseline, high TCP source and high sub- 
siraie bias power conditions. The microtreneh shape IS sinlc- 
imly different, consisting ofa broad wedge that originates at 
the sidewall and overlaps ro form a point at the center of the 
trench. In contrast wilh Ihc samples described in Sees. Ill A. 
Ill B, and 111 C, the top of die SiO, mask has extensive facets 
lt nd the silicon sidewall is slightly undercut below the SiQj 

m The corresponding nested trenches Tor the mask less wa- 
fers etched with low pressure are shown in Fig. SIM and are 
comparable to trenches etched with the insulating hiO, 
mask, unhealing that mask charging is also not the tundji- 
mental cause of microttenehes at low pressures. The mask- 
less nesied trenches have tapered sidewalls wilh a slight . m- 
ncclinn point towards the bottom of the trench. Ihc 




■ — I67nrn 



mmms 



Fin. 0. SEM caw seadohs at aply-Si elcnad with low nwaaiiru O titvTorr. 
Table 11 for la) i,ia*lc.H nested iiwwhea anil Ihl a nvi*k!a«. isol-ied l.ac. 

microtreneh Is broad and has two distinct planes that overlap 
tn form a point at the center of the trench. The tops of the 
silicon lines arc extensively faceted. 

The isolated lines shown in figs, 8(c) (SiO, masked) and 
Kid) (niaskless) are nearly identical to the nested trenches 
taking into account the shallow depression in Ihe niaskless 
sample created by Ihe HBr etch [Fig. 3(c)]. The undercut 
present in ihe SiOj-msskcd nested trenches is not present in 
the isolated line. This suggests that, ion scattering Irom the 
facets at the top of the nearest neighbor line is the source ol 

the undercut. , . 

The angles from the wafer surface of the m.erotrench 
planes and facet planes in 1-ig. 8 are strikingly similar. I he 
facets at the top of etched lines form nt low pressure when 
the ion-induced etching yield peaks nt off-normal angles 
(-,40' , -.60'').- , The same mechanism is likely contributing 
to the well-defined plane angles whhln the mlcrutrenchcs. 

Langrouir probe measurements at 2 mTorr CI, unhealed 
that both i/" ( 4.91 ± 0.37 x 10'" cnr'l and T, (2.-1d±U.02 
bV) increased at 2 mTorr relative to .he 10 mTorr baseline 
condition. Conversely, ihe ion energy decreased compared 
to the baseline condition ( K* changed from -165 to -130 
V). At lower pressures, the IAD is likely to increase. This 
may explain the extensive broadening of ihe microtreneh 
etched nt 2 mTorr. The higher ion flux and lower total neu- 
tral flux at 2 mTorr may increase the sputtering company 
rolativc to the chemically enhanced etching component. 
This could explain the formation of large facets ai the lops ol 
, he trenches for boih the SiO : -masked «?d ma.kto. W .t«i 
ll-ias. «(«) and 8(b), respcetivelyj in addition to the well- 
defined planes in the broad microtrcnchcs. Despite ihe exten- 
sive differences in die trench profiles between the 2 mlorr 
and baseline (10 mTorr) conditions, the presence ot un insu- 
lating ma** does not significantly alter ihc overall contours 

of the etched feature. 

Differential charging of insulating nnd conduct, ve materi- 
als is also a concern for etching poly-Si. Mask Uw w. c s 
were also prepared with undoped poly-S, (Sec. II Uj and thu. 
etched at 2 mTorr [Pigs. 9(a). ,^/ re " c ^»^^^ 
I; 

reachi 

chaiee-lnduceo noicningi »■>"» ■-■ — » , 

peel ratio The profiles etched Imo poly-S i were virtually 
identical to ihosc found with SillOO).- 5 indicating that 
Sslaliographic-speeific c.chmg of Si(.OO) in t*9*™g 
does not occur, and that the presence or an insulating SO, 
subsurface layer has no effect on mask cViargmg prior to 
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etching completely through the poly-Si layer. 



F. High rf power and very low substrate bias 

The plasma conditions explored above represent roughly 
twofold deviation, in rf powers From lhco,H>nial opemung 
conditions tor poly-Si gate etch m B w.th a L ,/HBr p a m, . 
Under these conditions, no significant differences m the 
etched feature profiles were observed with insulating or con- 
ducive musk materials. To better test whether mask chains 
affects profile evolution, we etched SiO^masked end , m*k- 
loss wafers with high (750 W) rf source power and very low 
V?5 W) rf substrate bias. As will be shown below these 
colons wil! maximize any possible effect of mask *dc- 
wall charging through increased „, + (increased .on flux to 
sidewalls) and substantially decreased t, (u creased IAD). 
Nested trenches for Si0 5 -masked and ntafklaj. waM« 
etched in the extreme conditions are shown m HgS. \DW 
nd 10(b). respectively. The trench sidewall^ for bo I 
samples are straight for the top one third an *v«aJy ■ 
nered for the bottom two thirds. The bottom of the trench s 
a single V-shapcd groove, resulting from overlap of ,«.- 
n-onenches. The SiO, mask is rounded I at the »JM"j£ 
undercut is observed. The top comers of the mukteu lines, 
are square and without facets. 

The SiO.-maskcd and Planless isolated lines etched w d, 
these extreme conditions are shown in Figs- 10(c) and 1 0 0 
resneetively. The sidewall contour, trench bottom, und Imc 
mps "re nearly identical to each other and to t he nested 
trenches etched with the same plasma conditions [1^ WW 
and 10(b)]. Adjacent to the isolated lines ts a biond mi 
c IS thai gradually slopes upward to the open urea lor 
bSi- .asked and maskless samples. Some m.cromask- 
STb TobsJrvcd in .he open area near the SiO r masked 10- 
lfl«d "S W 10(0], but it was no. present ,n the maskless 
w t The greater depth of the maskless 
oltributed to the initial shallow depression formed during ihe 

j. vae. Scl. T-ehnoL A, Vol. it. No. 1. J»n/Feb *>™ 
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HBr etch. The etched profiles for the insulating and conduc- 
tive materials are virtually indistinguishable. The data in Kg. 
1 0 are the strongest evidence of oil the conditions mvest.- 
gqretl thai mask charging is unimportant in profile evolution 
and microtrench formation. + 

These plasma conditions increase ,1, to 2.04_«J.»> 
X |0" cm"' 1 and dccrei.se to 30 eV, producing a rela- 
tively large IAD. The effect of mask charging should be 
JLS* by the low Ef and by the breed IAD, however, 
the results clearly show .hat no significant d.ffercncc is pro- 
duced when using insulating or conducing mask materials 
under Ihese conditions. While it is conceivable thai mask 
charging could play a role in microtrench formation under 
these conditions', it will be shown below that the e h»nc 
fields present on the sides of the SiO, mask would have to he 
larger than recent predictions to cause ti significant dellect.on 
of ions relative to the expected IAD. + 

The Uanamuir probe measurements at n, and /„ WtKun 
with blanket Si(IOO). blanket SiOj. and S.O,-masWed 
SillOO) wofcw are listed in Tabic II. As expected, n, in- 
creased with increased rf source power. No s.gn.hcnr u eject 
IVt.m increasing rf bias power was observed. 1 he pa.te ned 
wafers hat) the highest *t . followed by b.O, and then 
Si(| 1)0). although the difference in values was slight. 7, 
decreased slightly with increasing rf source power. Lowe. 1 
bias power produced slightly luwer averaijo T. vu ues. al- 
though the standard deviations of the overages overlap. Tht 
decease in pressure produced a substantial increase in J 
v expected. In general, the TV «hua were larges lor S O, 
wafeia. followed by Sl0 3 -maskcd wafers, and S,( 10) wa ers 

had the lowest values, although ihe magnitude of the d llu- 
IScTwia small. The change in T r with suhstrate ma.er.a « 
likely a function of the amount of e.ch.ng predueis produ-d 
during etching. SiOj is not readily etched in CI, plasma* 
«Se to Si and would no, produce a high concentration of 
etching products. Large numbers of etching P^uc.S, such as 
SiCI (>•= I 2, 3). however, will reduce T, through increased 
gas phase collisions and lower ionization potentials. 



IV. DISCUSSION 

The data presented above are strong ev 
ing of insulating mask materials is not the V£*V 
microtrench formation, nor does charging, ailed he ovc al 
contour of a trench or line sidewall. Thcrclorc the angola 
Sribution of ions impacting and subsequently scattc.mg 
tm the etching feature are likely to be the primary cause o. 
uonvcrtical sidewalls and microtrench lormadon. 

We can estimate both the IAD in the plane pare lei to he 
wafer and the added angle. AO. that an .on weald b. 
tlerled bv .1 buildup of charge on the mask. The AO IS 

e mil by the ratio of the ion velocity angular d, str.hu- 
S I me preaheath-sheath bounda^ (vj,) and the sheath 
potential (fc*>- assuming a collts.onless sheath. 
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fl, A]:t — arcian-r 



(I) 



IE 



where m, is the average ion mass, fans entcrinfi the prwhcEith 
from the bulk plasma mv al che gas temperature {T K ). In I no 
prcshenh, ions are accelerated by the nmbipolor fields wiin 
energies *T /2. MMon-ncucral collisions occur in the 3heatn» 
some of this energy will be transferred into transitional mo- 
tion parallel 10 the wafer, increasing the IAD. The apreoil in 
the IAD At ihe presheaih shewn boundary can be character- 
ized by * new ion -lempernturc," T t *» V, - We can nse ? , 
to esl invite ^ , 



(21 




(3) 



and, therefore, 

( if- 

fl IAP =arcmn^ 

Ion temperatures on .he order of 0.2-0.5 eV have been re- 
ported for the types of plasmas studied here .«■'»■" Assum.nU 
thai r-*"0.5 cV at 10 mTorr and is independent ol source 
and bias power*, we estimate v lM > values ranging from 2.6 
», the highest (250 W) bias power .0 8.3° « the lowest (25 
W) bias power, Table I. Assuming that //' scales with T,. 
the 0,. u ai 2 mTorr was computed wilh Tr=0.62 eV. lilt, 
relative changes in fl !AI > at a eonstnnt pressure o I |0 itHmt 
should be valid, but comparisons with the 2 in I orr condiuon 
are more uncertain. 14 ' 1 . 

The 0 IAl , can also be estimated from the profiles in l.gs. 
10(e) and I (1(d). The severe mpers starting approximately 
hallwuy down the isolated line sidcwall in Figs. KHe.) and 
10(d) can be explained by the loss of half of the IAD m the 
alee of the musk from shadowing. The angle between the 
surface normal and the line drawn from the rop cotm jlrtw 
mask to the midpoint of Ihe tuperod portion of the sidcwall 
can he used to obtain fl 1All . Our assumptions tnoUlde a per- 
fectly vertical mask and etched feature s dewalls and an 
angle-independent inn-induced etching yield which is u rea- 
sonable assumption since the top corners of the fen ures m 
Figs. 10(b) and 10(d) did not become faceted. »IMnJ ht 
Primate is subject to complications from m.erotrvnch forma- 
tion. From Fig! 10, fl IA „ is *» SiO.-mnsKe wa crs a ,nU 
-r for maskless sample,, in good agreement wuh the valiw 
derived from E<|. (.3) for the same plasma conditions (fc.3 I. 

Negative charge on the side of the insulating mask will 
distort the angular distribution of ions impacting tte hldch 
and bottoms of etched features, depicted in Kg. 2- II * 
UHHm that ion, near the mask expe, cneo on auracuve 
transverse electric field. £„. over a length, /.then they will 
be deflected by an angle, A 0, approximated by 
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It is very difficult to measure or compute nonetheless, 
modeling studies have been reported.' ^P*?**- 
is made difficult by i.tcomplcic knowledge of the lAp nnd 
ion energy distribution, and the electron energy distribution 
ftinction. In addition, the conductivity along the surface of 
insulating materials is believed to occur in plasmas from 
surface damage, deposition of weakly conducting mOicnrils. 
and creation of electron-hole pairs by ultraviolet (UV1 
radiation. 3 ' An average electric field of 2 X 10 s Wem within 
-0 125 urn of the mask sidcwall is suggested horn the po- 
tentials Hlcnkwd by Hwang and Otaphr*» and by Saw.n 
and co-workers." Assuming a constant field over a length 
1=0 P5 Mm A 0-0.41° is Obtained for the baseline condi- 
tion' wilh /f + - 1 74 V- Calculated Atf values for the other 
plasma conditions explored arc listed in Table I. With the 
exception of the high TCP source power, very low bias 
power condition, the calculated Atf arc small compared to 
* A0 < 'I l%-K>%). If ^ reported fields of IX II V« 
insulating masks, computed from charging models 
are approximately con-ect, then the lack ol significant ditlu- 
enccs in profiles etched with and without insulating masks is 
nol surprising. The field near the mask would have had to 
have been at Icasl ~2 times higher to cause observable ct- 

feels. , i 

In contest. * 0 for the very high TCP and very rrw sub- 
strate bins power condition is 3.0=. or 36% or the fl )A p. 
Under these conditions, inns would be expected io deflcL. 
towards the feature sidcwalla. Increased ion flux to the side. 
W q|l would increase the severity of the sidcwall bow and, 
concomitantly, increase the severity of microti t forma- 
tion and reduce the sise of the tapered region ot the sidcwa I 
If microtrench formation was caused by mask charging, the 
most seven; micrntrenehes would form with the 
SiO,-inasked wafer. However, the microlrenehes adjacent o 
the isolated lines with the SiO ; -maskcd water are slightly 
smaller than those with the maskless wafer [Figs. 10(c) and 
□J wspectively). If we assume that a 20% increase m 

i IAP will ^roduee an observable incrcscjn 

veritv (AWl.6" computed from eh u - 1 .1 >» U> v/tnu, 

then the field near the insulating mask in our experiment 

must be much less than I x 1 0 s v/cm. 



A 0= arctan 



V. CONCUUSION 

We have clearly shown that charging of an insulating 
mask Is noi the primary origin of microtrench formation clvii- 
i g C " ching of SiUOO) or poly-Si. While unique M. 
profile"* were obtained as rf source and substrate rt b.fis pow- 
s and pressures were varied, for each of the plasmn eand - 
tious similar feature profiles evolved whether .he mask ? ma- 
terial was IniuUiring SiO : . conductive silicon "^ ssl - ™ 
W Therefore, under conditions that are typically used to UlIi 
Si in CI, plasmas, buildup of negative charge on the side- 
wa l" of insulating masks from the «^^; 
distribution and narrow IAD does no. significan ly •*£ 1 1^- 
,u,c profile evolution. From simple vector add t.on ot it* .on 

o.ion parallel w die wafer surface and the directed ion tree 
2 * Trough he sheoth. wc estimated the angular spread ol 
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206 Booart et al:. Mask charging and profile evolution 

ions impacting the wafer In the absence of mask chor^ng to 
be 2 f>° and S.3° ill the highest (241 cV) and lowest (24 eV.) 
ion energies, respectively. Based on reported computed ani- 
mates of the electric field (2* 10' Vicm) near charged, in- 
su latins masks, we calculated that ions would bo deflcclcci 
toward the mask by 0.30= and 3.0' « (he highest and lowest 
/.•; respectively. Al the highest E? , suuh ii small deflection 
would not be expected to produce a notieeablc effect on 
etched profiles. At the lowest B* , however, a deflection of 
-36% would he expected to alter the elehed profile, but no 
change was observed. If a AO of 20% is assumed to cause an 
observable change in the feature profile then, under these 
conditions, the electric field near the mask sidewn produced 
by mask charging could not have exceeded 1 X 10 V/cm. n 
conclusion, feature profile evolution during CI, plasma eteh- 
inu of Sill 00) and poly-Si is not affected by ion defieehon 
due to mask charging, but is directed by the angular distri- 
bution of ions impacting and scattering from the evolving 
renrure. 
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Plasma etching of silicon is one ofthc important etching presses used in modern integrated ~ 

process lends to better modol- which me the key o cnsici ^ f r wre S j dcwa lls 

i • i-k . rr%uin Pninifi of rhU nancr s un the sum uUion f>r tnc ion it Motion IW ' 1,4 J , . . . 
design. I no mam ruuis 01 mis p«*pn » evneriments because of the simple 

and the resulting microcrsnchcs. Pure Cl a p ama wm u^ed far ^3^™^ in rhis work . 

o 017 mil" Ktftnfortl etc hi nil flntf deposition profile MilUIIWOU was uscq m mi 

fluxes usingsurfacc coverage dyndjl - J Jj- Pg- ^0^^ u ^^ccdou an E .e, This 
thai the reflected ions come oft with a distribution an u I . important in 

distribution is modeled as cos"fl (fl .s the deviation from Uk PCCH lor a W calculation of 
getting the correct shape for micrmrcnehes in ^- 
the reflection flux was done taking into account the 3D ««ulu * * « ' * 
The ion reflection efficiency was deducted from the slice n on enl w^jlHnwyMO 
1111( .|c of incidence data. The simulation results nwuh he experiment p.ofiles lainy 
American Vacuum Society. [S0734-2 1 0 1 (99)»4f>05-9] 



I. INTRODUCTION 

The decreasing of feature dimensions in integrated ciijeuit 
(|C) manufacturing demands more anisotropic and «>mp*el 
etching profiles. Therefore plasma etching, with its abi 11 y 10 
produce highly anisotropic etching profiles is and w.ll be a 
very important processing step in IC manufacturing Better 
understanding of this important process is crucial fur further 
improvement in this field and for developing better process- 

hig models. ^iJ«,«n 
Plasma etching or silicon is one of ihe important plasma 
etching processes used in various IC manufacturing steps. It 
is used in steps like polysilieon gate etch, formation of 
DRAM trench capacitors and shallow trench isolation. Vu I- 
ons halogen based chemistries arc used for this process . The 
simplest chemistry used is pure CI,. Since CI, molecules and 
CI atoms do not etch silicon at room temperature (except tor 
„♦ doped silicon), this chemistry results in """^PjJ; 
ing profiles. In real processes, CI, is often mixed with «hu 
Jses such as HBr or other halogen containing compounds , to 
increase the control over .he etching process and the rfsolt- 

inn erchintt profile 1 " . 
"\hc simplify of the pure CI, plasma makes , g*od 
candidate for calibrating and lnveat.gat.nu PjT 
nomcna occurring during silicon etching, such as on jflec 
tiun and neutral recombination. By undcrsland.ng these phe- 
nomena plasma etching models con be Improved. And 
having Bond models is the key to easier and less costly 
plasma etching process design. j 

Ion reflection is the main focus of this article. I he well 
known connection between microtrenching and .on reft.-et.on 
is firs, discussed before proceeding to our model 1*r this 



reflcetinn and the wny reflection nuxes were calculated. I hen 
various aspects of our model are discussed and the Ham- 
mem between simulation and experimental profiles ts ahown. 
The experiments were done in an inductively coupled high 
density plasma chamber.' 1 - 3 

The simulations presented in this paper were done using 
SI'BEDIE. which is the S.anford etching and deposition pro- 
file simulator/' This simulator consists of two parts. 
IDA Monte Carlo simulator for calculating the effect of the 
plasma sheath on the ions. The output ot this pan is the 

ion angular and energy distribution. 

(2) An cZytic pan which, in a time loop. I.rst calc dates 
the ion and neutral fluxes inside the feature under s.rnu- 
IWion. from that is calculates the surface etching and 
deposition rates using appropriate surface kmeucs mod- 
els. These rates arc .hen used for profile evolution. 1 ho 
feature is defined as a series of segments and the surfece 
movement is done by a modified string based method 
which requires no delooping. 
The new models and flux calculations were added .o this 
simulator. 

||. |ON REFLECTION AND MICROTRENCHING 

for investigating mierotrenching phenomenon, a set of 
etching experiments were done on silicon wafers under d.f- 
SS 'conditions. Trenches will, twe i d « ^WjJ 
0.4 and 0.8 M m were etched, using 1 000-A-th.cl ,1 . TO lay J 
as hard mask. The etchings were done in a Lam 1 CI JWOSfc 

SS, c,h system f^^^^!^m 
mTftrr. The CU gaa How rfltc was vuneu ouwlui „ 
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atoms while inhibitors were considered id J* SiCI, mol- 
ecules, which nrc solid at room temperature. ■ 

Two different sources can be considered for inhibitors. 
One source is the plasma gas phase During the oKhing pro- 
cess volatile etch products, like S.Cl.,. wit go 
phase. If their residence time is lone «jough ( which too mcs 
longer with lower flow rates), they will produce *Cb wj- 
ceules. Those molecules can come back and stick on the 

surl'ftcts ofilio features. 1,1 

The other source For inhibitors is the SiCl, molecules lo- 
cally produced in the feature during etching. The way these 
products desorb from the surface depends on the actual etch- 
fmj mechanism. If the etching mechanism is ion enhanced 
2,„icai etching, the etch products will be thcrm^ed and 
so ihey will desorb with a cosine distribution around the 
normal to the surfuee. But if etching is ^"^cniicaHy 
enhanced sputtering, the etch products dcsorpnnn d, tnbu 
tiun will bo more like spuitercd particles. i.e., they ilesoib 
with over cosine distributions nround specular tingles. It 
Bcems thai lowering the ion energy Or decreasing the toiWo- 
ctehnnt tins ratio will increase the probability ot the ion en- 
hanced chemical etching." Since in high density p lama*. » 
mentioned before, the neutml-.o-ion flux rstion is high I r- 
malixed etching products were assumed m .he s.mu lot om. 

For etching kinetics, Longmuir adsorption model was 
used, as follows: 

(I) 



FK, I Siliwn trendies eleh«l in ...1 ICT ah«mb«r with pure C'lj 

seen. Three different values for ICP ^ !^ a u ^2} 
400. and 600 W. for bottom power, values of 0. Al«£ 
-.110 W were chosen for experiments. The mam etching fahp 
was done for 1 20 s. This main etch step was always preceded 
hv a * s SiO-, bronklh rough srep. 

InViu I two of these silicon etching profiles can be seen. 
In both profiles, a local enhancement in the cch rate a h* 
•ea ore content can be seen, the result o. which ■ .«! W 
nicrolrenching. Also in Kig. I lb). H can be observed tfrithi. 
sidewalls arc curved back near the bottom of the t.enU.. 
This is celled sidcwa.l pushback throughout this i .itwte 

Since in high density plasmas the ncutra l-to-.on flux ratio 
is in the range of 50-500 and since Cl a plasma etching or 
l ahtly *J3 silicon is no. spontaneous at the processing 
E£ Lture used, the etching kinetics Is expected tobe m he 
inn limited regime. So a local increase in the etch rate the 
future comers means a local increase ^^J^Jg^ 
This fact makes ion reflection a mam culprit lo. nuc.ot tnen 

formation. 

HI. MODELING | 
A. Etchinfl kinetics | 

Two kinds of neutral fluxes were considered: etchanlS 
t /-V) and inhibitors (Fj). Etchants were considered to 

j. Vac. Sci. TechnOl. A. Vol. 1T. No. 3. Sop/Oct 1999 



IT 



tl0 t 



etch rule 35 



12) 



13) 



density 

l„' which ,r is the site density, fl, and arc the surface 
coverages for etchants and inhibitors, respectively < F, . / . » 
-md F Tare ihe ion. etcham. and inhibitor fluxes. A and ^ 
are the 2 con surface sticking probabilities for etchants and 
i, hibitor s and finally y,and y,, are the Ion sputtering yidd* 
ffi aSbTeKhan^ imd inhibitors. Y is the silicon etchtng 

y,C Hqua.i,ing the surface coverage derivatives to ««h 
based on the fact thai the surface coverage, al room tempera 
^•e roaches ts steady state value much faster than the etch- 
ing raie. i.e.. the rate of change In the feature and so in the 

"Tc'ching equations above, only ion enhanced Mul 
etching was considered. Spontaneous etching was not con 
sidcrcd because, as was mentioned before CI doe^ot « eh 
silicon spontaneously ai room temperature (except when ; 
iod) Also physical sputtering, yield is much less than .on 
enhanced chemical etching yield*' 1 and so was > ignored. 
" slmuttinn pitramerers were extrac.e d from ^fW™ 
in .he li.erau.re." " 13 More .specifically. 4,-0 J and ^ 
'"oTwere used as clean surface sticking O^abiht.e 1 
ciching yields y r .y„. and Y were chosen based on ion 
energy They were assumed to be proporhonal in t, 
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ho. 2. Rtfilcciial Ion IIlik wldl H< tli^ribuiion nhrtui the ipucuhir qn^lw. 

-£"- (£• is the ion encruy and £, is the threshold 
energy). 5 * 1 -' 13 The plasma density and density of diffensnl 
species were calculated using the HPKM/PCMC plasma re- 
actor simulator." 

For calculating the neurrai fluxes inside the tcniures, sur- 
face coverage dependent slicking probabilities were used, in 
line with Bus. CD and (2). This means that the flux on each 
segment of the feature depends on the surface coverage, But 
die surface coverage itself depends on the flux the segment 
receives, according to Gqs. 0) «nd (2). So the fluxes mid 
surface coverages were solved iror&rivcly ta reach to it scll- 
eonsistent solution. 
B. Ion reflection 

It was assumed that ions (which ore neutralized before 
reflection"" 1 * and so are actually hot neutrals afterwards, bin 
we refer to them as reflected ions) are reflected at specular 
unfiles, with a distribution about the angle or reflection. 
This point is shown in Pi». 2. Why was perfectly specular 

reflect ion not assumed? 

Many experiments have been done by researcher* on re- 
flection of different ions from different target surfaces. 
Although not that much is done in die field of plasma pro- 
cessing and for ihe usual materials used in these processes, 
one thing is common "among all reported results and that is 
die distribution of the reflected ions about the angle o| re- 
flection It will be shown in a later section that this distribu- 
tion indeed plays an important role in the prediction ot the 
correct shape and depth of the microtrcnehes. 

The distribution about the specular reflection angle was 
modeled as eos*tf, ill which Pis the deviation from the specu- 
lar reflection angle. Obviously higher n means lighter distri- 
bution and more specular reflection. The value ol n. which is 
called specularity from now on, depends on different param- 
eters, such as surface material, ion mass, ion energy, and ion 
angle ^Incidence." For example, it tends to decrease (less 
specular reflection) with the increasing of the ion mass (rein- 
live ro the surface material). 

Two other important factors are the ion reflection number 
efficiency. A'„, and ion reflection energy efficiency. R^ 
These parameters arc also dependent on various factors like 
ion energy and ion qnulo of incidence, As was mentioned m 
the previous section, in etching kinetics formulas, ion flu* is 
always multiplied by a yield factor which itselt is roughly 
proportional to the square root of the ion energy. So the two 
R H and R e parameters can be lumped together as one effec- 
tive R „ value equal to R n Rj . 

As mentioned above, nor that much mlornwlion can be 
found in the literature for the value of reflection parameters 
for "CI, plasma-Si surft.ee- system and reflection efhewney 
is not an exception. So this efficiency was estimated by a 

.• 
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n enhonewd ftiohlnu yl*M va >» n fln & ,c of tonnes, 
aeh which will be described in the follow- 



the silicon etching yield versus ion tingle or 
shown."' 12 As one can sec, the etching yield 
ease as the angle of incidence (angle to the 
beyond 45°. This decrease in etching yield can 
in ion reflection, i.e., ions which bit the surface 
i to normal will rellecr and so their contribution 
, process will be less. Hascd on this observation, 
iwn in Fig. 4 was used for /?„ . 
rtant aspect about this system is that the ion 
CI?) is actually larger than the target mass 
mi where the ions arc lighter than the Target. R tt 
high even for normal ion incidence. • " But Kir 
in which the ion mass is close to the target 
ca the same R„ behavior us here"* 
mensional (3D) calculation of the reflection flux 
King into account the 3D angular distribution of 
IS tons. Furthermore the ion energy distribution 
ito account in etching kinetics calculations, 
ilc way for calculating the reflection ftux is to 
incoming ion flux information for each segment 
re (as was mentioned earlier, die feattire is do- 
les of segments) at the time of the direct ion mix 
md then do the ion reflection flux calculation 
quires a large amount of memory and time, An- 
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Specular reflection 
direction 



no. 5, Incoming «nU *ncctu t l l«n Hu»« Tor to siUcwnll oTu Irvnch. pm- 
jccicil lo x-v pUllL*. 



other option is to do part of the reflection flu* calculation 
during the time of the direct ion flux calculation in such a 
way that the Inter calculation of the ion reflection flux will be 
a two-dimensional (2D) problem rather than n 3D one. 

Before describing the method, let us first calculate the 
reflection flux from one segment to another lor d.lrercnl re- 
flection directions. In 5 a schematic diagram ol tHo in- 
coming and reflection fluxes, projected to the x-y pln.iu, w 
shown It can be shown that the reflection llux which comes 
offsegmont / about the », direction <«, is the reflected llux 
direction if the reflection was perfectly specular) and is ic- 
ceived by segment /. is 

\ * (A) 

(rlux / ) (ll ^(v1yx / jl | (flijx0ri |1 

Ulux^i ■ s A/(/T)f.f.uxref/3 ((| d^i cos " ^jm 



cos 



'7 



In ih.se equations (fluxrer,),,, is the total ion flux reflected 
Irom segment ; aboui * , direction, ./?' is the! projection or « , 
vector in the .r-v plane, «i is the component or «, - 
direction, n is the reflection sp*culamy, r u m the dUuinco 
between segments / mul,/, *md 



l'( 1/2)1 



+ 3\ 17T * 



■ 



(71 

18) 
(9) 



COS fly W) 

;md oilier parameters are shown in Fig. 5. 
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Fir, fl Thl»» (Hmulniitm pmtil«« with lh« normnlix^l ion flux »I«>1 ; ll« 
wallH. (cl Ion rtibcififfl wiih Ktcwp .-rtitewiills. 



One sees that the first part of the reflection llux received 
by segment I, (llux,)' . only depends on the segment./ mlor- 
mntion and the direction of the reflected flux. On Ihe other 
hand the second part, (flux,^,. only Spends on the receiv- 
ing segment information. So. at the time of the direct ion flux 
calculation, the first term is calculated for-various „„ direc- 
tions Later the reflected flux is calculated by just multiply- 
ing the (ftuxO^value of the receiving segment by the 
(flux,),',, value of the emitting segment. 



IV. SIMULATION RESULTS AND DISCUSSION 

In Fig. <» simulation profiles together with ion flux along 
the feature length are shown for throe different conditions. 

For the profile in Fig. Ma), the simulation is done with .on 
reflection tamed olT. As one sees, there is no increase m .he 
ion flux at the feature corners and so no microtrenchmp « 
observed. I'or Fie. 6(W. the same simulation m shown, bu 
with ion reflection turned on. It can he observed lha there is 
a share increase in ion nux at the feature comers. Thu. 'Vocal 
increase, as was described earlier, results in an -nc ease ol 
ihe etch rare at that location ant) causes mterofrenching. 

The shape of the feature sidewalls is also very important 
in the creation and severity orthe mierotrcnehes. In Hg. MO. 

simulation profile is shown for which ion , 
considered, but simulation was started with WPj~"V* 
sidewalls. No mierotrenching is observed. Although the 
steep sidewalls are still capable of reflecting ions, they do no 
receive that much ion flux and so subs.ant.al enhancemcntm 
[he ion flnx a, the feature corned is no, . expected Th. can he 
seen In the ion flux distribution curve. No mcrcas< ,n ion flux 
means no mierotrenehing. In Fig. 7 the effect of ..dew.lt 
clone is shown in experimental profiles. 
"Another paramerer described earlier was the specu anty 
0 f ,he reflected ion llux. To show the importance «t this 
p r meter, throe simulations (Fig. t) were done w ,,h hree 
diflcrenl values of ». r,= I0U0. n= 100, and b-sO. I ' « 
values represent reflected ion angular spreads of about 2,7, 
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7 li-Bcrimtnliil cWhlng profile lor ml -■sloped sidovulls «wt IM si«p 
Cli-.SiCI^N. Bin mlMuru IRel'. Jffi. 



and I0», respectively. (Hero and thronghoiii this article, ion 
angular spread is defined as die angle at which the ion flux is 

hall' its maximum.) . . 

It can be observed in Fig. S that the shape o| ml- 
crotrcnchca are dllTcrcm lor these cases. The ,i- I ODD »«se 
results in a nailer bottom lor microtrcnehes compared to the 
,,= 100 case, which produces sharper mlcrananehM. n 
=■1000 case also creates deeper mieratteiKhes. In experi- 
mental profiles, microtrcnehes are usually sharp and so per- 
fectly specular ion reflection cannot predict the right shape 
for micLcnches. By comparing »= 10? " = 50 , »*" 
[Figs. S{b) and 8(e)]. it can be seen ihM lor less > specu ar ion 
reflection, micro-trenches are less severe (while they arc 
sharp for both two eases). This may describe, at kwMy, 
the difference observed in microrrenehing sever, y among 
plasmas with differcni chcmistnea (like U 2 and HUr plas 

mi 'l!i Kits- 9 the simulation profiles arc shown for different 
inc m Ins ion angular spread. Pot the left-hand side . pro hie 
he on angular sp.^ad is 2° and for the right-hand s.de pro- 
file this spread Is 5". For both eases the reflected .on flux ha. 
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a spread of about 1". The simulations were done with equal 
ion energy so that the etching profiles could be compared. In 
rea) i,y the cause of change In ion angular spread is usually 
changing the bottom power and su the dc bias voltage.- 

As can be seen in Fig. 9. more ion angular spread causes 
less mlcroqaneMng. This has two reasons: for more ton an- 
gular spread, more ions hit the sidcwalls with angles doner 
,o normal and so the reflection number efficiency will be 
| C ,s On lop of that, these ions will reflect more towards the 
middle or he wench bottom. Therefore these ions increase 
[he etch rare m the middle instead of the feature corners, as 
can be seep in the simulation profile. 

|„ Pic. 10 on example of the time evolution of the etching 
profiles is shown, both from experiments and simo In.ions 
ean be seen Hurt as etching proceeds, more s.dewall becomw 
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available tor ion relation, hence mic orrench ejbu* mt 
<|<*pcr and wider with time, for the i- U0 ■ P™»v ^ 
phenomenon called sidcwoll pushback ^'^^ Z 
In Fi« 10 insm. this happens because of ton reflection twin 
he «ter ride or iht microtrcneh. (toe ions hit the aulcwall 
™d S« an increase in xhe sidewnll eteh mte. Tins icflee- 
Z more important when the micros JJ- >J 

come wider and deeper. as happens through the »J 
phenomenon is also copturcd in the simulation. «s cm be 
seen in l : ig. 10. 

V. CONCLUSION 

Microrrenehinfi and hence ion reflection from feature 
Je£S?S> imponuut foaors in shaping, the etching pro- 
S i nS very' important to investigate It was ; shown h 
ion reflection alone emtnot result;,, '"'^X^h, he S 
feature ■Idowall *I*P* Is *n Importen hew m »l J 
'nation of the microirenches. Also u was shown thai the m 

j. Vac Set. Technol. A. Vol. 17, No. 5. Sop/Oct 1099 



coming ion lingular distribution as well as the angular disiri- 
bSn of "he reflected ions play an important «■«"*« 

ma ehed the experimental profiles tnirly well. 

The sl euth or our simulation method is that u iiemtyi « 
•w oJposS Monie Carlo methods used in many other ctch- 

?ni sfmuhiion programs. The simulation times for the s.mu- 
nig ximui. t on pi b 90 mm 

lation pro|iles shown m this article wtri. 
on an IUM R.S600U computer. 
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, B an M ,o increase throughput, .He --^^ *^ WSS^SSS K 
plasma density etching reactors using large ^ °J> ompBrc d tD rcac tivc-ion-ctching 
> 1 00 W) powers in which the ion to neutral ntdtca flux » Urge compare 1 t r 

Ums These conditions can .cad to = « ^ fl^S energy parUe.cs. usually 
sidewalk. Microtrenching has been aunwtcu i to sp reflections produce a 
ions, a, grazing angles on the s.dcwal s o he ma sk ™d t ^JJ^^ ccchinB . ln M , 
"focusing" of flux to the comers of the trench which run S . ir l0 ^' y , have bcc „ uscd l0 
,c,tcr, integrated 1*™**%%^ including 
J^^J^SiS^^^ot^ mas*. Quttntita.ive -m paHsons are made 
the degree ot spemiai ivi.v ^rtvfli-e o IMS American Vacuum Society. 

to experimental measurements ol etch piofilt-s. o ✓htk./vlu , 

[S0734-21 1X(9S)OOS04-X] 



As the feature sizes of microelectronics devices decrease 
to sub-0.5 im dimensions, the semiconductor fabrication in- 
dustry is increasingly employing dry etching techniques us- 
ing high plasma density reactors such as inductively coupled 
phsma 0CP) systems.' These tools differ .rem ^nvenuonal 
reactivc-ion-ctching (RIB) reactors in that the ratio o| the ion 
flux to the reactive neutral flux to the substrate is larger. 
Microtrenching is one possible consequence ol -these _ condi- 
tions Microtrenching refers to profiles tor which the etch 
rate is larger near the corners of a trench compared to the 
center of the trench. The etch profile across the floor of the 
trench is therefore either convex or has vertical slots at the 
base of the sidcwalls. Microtrenching is bel ieved to be pro- 
duced by the impact of high energy particles (mostly ions a 
grazing angles (>80°) on the aidewalls followed by specula 
reflcclion where Hie particles retain a large fractmn o I the ir 
energy and directionality. These cond.i.ons lead to focus- 
ing" of the high energy particles at the base of the sidcwalls 
of the fcaluro, resulting in higher etch rates at those loca- 
tions. Microtrenching can lead to tar«e . di-Terences m etch 
depth across the bonom or features and the possib.l.ty ot 
"punchdirougb" on etch stops or other thin layers such « 
gave oxide. Microtrenching was first discussed by Nguyen 
etal.r and the proposal that specular ^reflection is a major 
contributing cause was first made by Dalwn c «/. 

As plasma equipment models and profile simulators have 
matured, the ability to sclf-consistcntly predict the , conse- 
quences of plasma-surface interactions on etch proil es has 
To Jnilicantly improved/- In this regard, in this ^letter we 
present results from integrated plasma equipment and pfaftlt 
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models to investigate the consequences of specular reflection 
by high energy gra'/ing-nnglc ions and neutrals mm, profl c 
evolution during chlorine plasma etching of Si. The plasma 
simulator we uscd in this study is the hybrid plasma equip- 
ment model (HP EM) and the profile simulator is the Monte 
CaJo feaiure profile model (MCFPMV The models and .heir 
method of integration, are described in Reft. 4 and 8. In die 
MCnPM, the trench is resolved in two dimensions using a 
rectilinear numerical mesh having 500X 500 cells for a 
1 amx I urn region. Computational part.cles are directed 
towards the surface representing the energy -and ^angu.ahy 
resolved ton and neutral fluxes produced by tie HPLM. 
Monte Carlo techniques arc applied to changed the identity 
of a mesh cell to represent, for example, adsorption passivu- 
tion, and etching processes. The reaction mechanism we 
used is based on successive ehlorination of S. by neutral CI 
moms followed by ion stimulated ^T 1 ^^ , 

The MCFPM difrcrs from thai previously descnbul in the 
method of (renting ion (or high energy neutral) reflections 
from surfaces. Hue lo the statistically rough surface inherent 
o Monte Carlo based simulators, it is necessary to locally 
moS the surface at ihe site of impact to eliminate unreal, 
istic high angle scattering from sharp boundaries of the nu- 
mcricahnesh between the surface and plasma This smoo.h- 
Z w« «!lshed by sampling the ocnal P'^™^"" 
boundary 10-20 cells on either side of the pmntof Imp. 
and making a least-squares fit lo the surface. 
particle then collides and reflects from the smoothed tu trace. 

Al experimental and model results discussed in this ar- 
• rtLX!. inductively coupled LAM 940MC plasma 
etching reactor." The reactor operating parameters arc. 600 
W inductively coupled power, .00 W substrate J" «' '^J 
MHz. and 10 mTorr of CI, at a flow rate of 60 seem, fhe 
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F.0 i Etch profile. Tt,t chlorine etching orailicon for (n) 0%. (W im.wl 
95%^uW renccion and tor ou.w.rd .lap. of iht IM* »f 



(c) 9?% *poeut 

(d) 0", (c) 2", mid (f) 1" 



system we arc addressing is etching of crystalline Si umtlS a 
hard mask of Si0 2 . The angular dependence of _thc .etch > -H. Id 
of chlorine atomic ions on silicon wc used in the MCFPN I* 
that measured by Chung and Sawin."' We ipeeifloc that lems 
retain as much as 00% of their energy when reflcc ung at 
grazing angles (>80») based on results fromrno .lean ar dy- 
namics simulations by Helmer nnd Graves." We ^ ignored he 
effects of surface charging on ion trajectories in the trench 
due to the moderately high conduct.v.iy of the subst.atc, 
though chafing in the trench is an important process in pro- 

clucinu natching.'* ,. * 

To demonstrate the dependence of microtrenching on tl.v 

degree of specular reflection CSR). the fraction of grwrng 
ions allowed to retain their energy was varied torn OA to 
95%. The resulting profiles, shown in Ftgs. I(fl)-Kc) ferM 
,m wide trenches, reveal significant changes in the morpho - 
ogy of the bottom of the trench. As the fraction of SK w 
increased, the comers of the trench evolve Hrom bc,n« 
rounded at 0% SR. 10 being sharp and square at 50% end 
finally to having mieroirenches at .he base of the sidewal h at 
95% SR. The onset of microtrenching is a d.rcel result or .on 
reflection from the sidcwalls leading to "focusing or en- 
hancement of the particle flux at the base of the s.dewall. 
tZIZIS particle flux produces n higher clch rate wh.eh 
if sufficiently focused, generates mierott-cnch.ng. generally at 

SR The°stope or the sidewall of the mask can also play an 
important role in the initial development <*"l««™^ 
A finite slope of the mask increases the solid angle ol the .on 
tux from the plasma thaL can reflect from its sidcwalls. Since 
th angular spread, of the ion flux for the condition, of in- 

erestTe typically <4°-S°. a small variation in the slope or 
S accesses a significant* JW-JJJ" * 
the ion Hi.x. Tor cample, the etch profiles shown m Ufc 

l(d)-Uf) were obtained by varyinfi the s ope of (lie mask 
diwa 1 from 0- to A". As the slope is increased^ die m - 

crunching becomes more pronounced and b oadef N ote 

that as the depth of the irench increases the rolativc.ares of 
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the mask sidcwall decreases compared to the exposed side- 
wall of the trench. Therefore the influence of the slope of the 
mask on microtrenching is less pronounced 
trenches. However, since the solid angle of the .cm flux ac- 
cessible by the sidewalls of the mask is always larger than 
that for the trench, its slope is always an important cona.d- 

The evolution of microtrenching is shown in Fig. 2 where 
predictions from the simulation are compared to exporimen- 
U l results for 0.35 ,*m wide trenches at different limes dur- 
i, u the etch. A 0.2 Mm thick hard mask was used in the 

model, while a 0.1 M m hard mask ^« "Th^ofTTiSon 
which etched at a rate approximately 5% that of *° ™«° n - 
The predicted and experimental profiles show the » 
trends As the trench deepens, the depth and width of. he 
microttenches increases as more sidcwall area is available to 
reflect and focus ions. The model shows a moj. severe 
broadening of the microtrenches than found hi the expuv 
ments which may be a consequence of the discreteness of the 

numerical mesh. . runlenllv 

The angular dependence or sputtering y.eld 
depressed at normal incidence w.th a maximum near 60 as 
recently demonstrated by molecular dynamics MMM^ 
Hanson et ai" for .he sputter yield ol O on Br . ^Lxp^r 
ments bv Chanu and Sowin. 1 " however, show a brood max.. 
monts oy ^nant »»« _„,+ nn si ,- mm 0 = t0 4fl° with a 
mum n the etch y.eld of Cl on ai .mm « / , 
Sal decease approaching 90=. These results .nd.eate that 
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Hon^n w a/. (Rcf. 13). shown ill Ion «br 100 eV .ona, {e> jngnlM depon- 
C ii«n by Chan,, and Suwln (Ref. 10). shown « left for 35 -V .an*. 



the mechanism for ion enhanced etching may differ l*m 
simple sputtering. The precise forms or these etch yields do 
have an influence on microtrenching. These trends arc shown 
in Fie. 3 where profiles ore plotted for the same etch times 
while using different angular dependencies Tor the etch yield- 
The slope of the mask sidewall is 2°. The profile in Fig. 3(a) 
the base case, was obtained with no angular depciulencc of 
the etch yield. The sidewall* of the trench have a shallow 
angle and the mlcrotrench is broad doe to ther e being » broad 
angular flux or reflected ions. The prohle in lug. 3(b) was 
obtained using the angular dependence of Hanson « «A The 
etch me is smaller than for the base ease since the rUmivo 
etch yield at near normal incidence is lower. The B.dewalU 
arc nearly vertical due to the larger etch y.e d at grazing 
angles. There is also structure on the floor of the trench re- 
sulting from the extreme in the etch yield and energy loss ol 



ions reflecting from the walls. The profile generated using 
the etch yields from Chang and Sawin [Fig. 3(c)J. lias nar- 
rower mieron-enches than the base case, due to there being 
fewer losses of grazing incidence ions on the sidcwolls. The 
sidewall slope is larger than for the yields of Hanson a at 
due to the decrease in etch yield at grazing angles The to al 
etch rate is commensurate with the base case due to the 
larger yield at normal angles. 

In conclusion, a Monte Carlo feature profile model has 
been used to investigate the effects of specular reflection of 
ara2ing-nng|e ions on the profile evolution and microtrench- 
L in chlorine plasma etching of silicon. We found that the 
SR of ions from the sidewalls must exceed 90% at grazing 
incidence (> 80°) to reproduce experimentally observed mi- 
crotrencbing. The slope of the sidewall of the mask also has 
mi important influence on microtrcnching. Sidewall slopes of 
■>--4° commensurate with the angular spread of the incom- 
ing io'n flux, increases microtrenching by accessing a larger 
solid angle of the ions. The angular dependence of the etch 
yield influences microtrenching as well. Low yields at high 
angles of incidence allow more ions to retain a larger fraction 
of their energy alter reflection from the sidewalls, thereby 
producing a narrower microtrench. Microtrenching increases 
with increasing etch depth due to the larger sidewall area 
available for ion reflection. 
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Feature evolution during plasma etching. II. Polycrysta.line silicon etching 
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I, INTRODUCTION 

A more detailed understanding of plasma etching pro- 
cesses is vi.nl as the semiconductor industry continues to 
demand smaller Feuiurc widths. Specifically, nn undcn,uind- 
inn or the anomalies that develop with.n trench featurcs- 
»oh as microtrenches, bowed sidewalk and undercut 
hardmasks-v,ill be necessary to design tonne go™**" 
etching tools and processes. This study prov.des *nu£n- 
mcntal data set for viewing the feature evolution process as 
5 m pammeiers are varied. To preface the discussion nf 
esul.s. a brief overview is provided here of several 1 common 
feature profile anomalies and the mechanisms proposed to 
account for them. Aspect ratio dependent etching, mi- 
crotronch fomiation. bowed aidcwulls, and hardmnsK under- 
cut are discussed. .. 

Aspect ratio dependent etching where high ^pectW^ 
features e,eh slower than Ihulr low aspect ratio ""ntoipt*. 
is often allrihuled to geometric shadowing of neutral 
Leies. 1 " 5 Neutrals have to isotropic distribution m the m- 
Z surface. The bottoms of higher aspect ru.io J"""^ 
less visibility to the plasma, ihcrclore. die flux of neutrals is 
decreased and leads to n lower etching rate. 

Microirenchcs, sometimes called "'^L^'T^lm 
fl-ccuently observed at fcurure bottom S .■ , •'•"• h.s phenom- 
enon is often attributed to off-angle Ions scniiermg at gm* ng 
angles from feature sidewalls. Scattered ions can become 
••loeused." creating a localised area with »" ^^ ra !ff 
etching raie. A diagram of ion reflection w "hewn in hg. 
1(a) Additionally, ion trajectories may be skewed in loual 
c ecrtc field created by a negatively charged iiuuliiiing mask 
hyc " ? " This mechanism would provide another source ot 
off-angle ions within the trench to impact upon and * fo- 
cused by feature sidewalls. as shown in Ha- (b). Ions ninve 
a the wa cr with a narrow angular distribution, attcr accel- 
e ration across the plasma shcaih Convene ly. *e pfem. 
sheath decelerates electrons, resulting in a more uonopw. 
Sburion As more electrons ihan ions imp.nge on an in- 



sulating sidewull. a negative charge can accumulate. This 
ercaws an electric field that can divert the path ol Incommg 
inns toward the sitlen ur the feature. , 

Anuleo or bowed sidewalls can develop and focusing ol 
ottered Urns could be sensitive io feature sidewa U curva- 
ture The ion trajectories within the rreneh could be respo.1- 
£ shaped Ions that impac, the sidcwaUs 

at swing angles will likely scatter specularly, retaining 
neaHy nil Of .heir initial energy, while ions that .mpnet at 
uriintcr .mules could etch iho sidewalls. 
b Anmher mechanism thai may affect feature profiles is 
deposition or retleposiiion within a feature."-" As eicl. ng 
E ,cl, products could redeposit on .he wafer uher 
E 5 in the trench or Iragmcn.etion in the plasma. Km 
deposition could build in the feature, accumulating on the 
ftidGWEills and causing a taper. 

Seven. I computational models have been developed to 
simillaio profile development and validale the meehan.sms 
rfWrhed earlier These simi.lato.-s are typically 
tZ - « of experiment,, profiles. The sinmlators 
£e advanced to the point that they are ;-dM»>" « J 
the experimental profiles they were designed to predict. 
However in order to simulate all proposed meehan.sms nd 
their relative importance a. various ^'J^^ 
necessary to have an experimental set of data ^ J* 
evolution of a simple feature while plasma conditio* a.c 
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unit oqll pattern 

F.G. 2. UlUitraliun ol lhc Aim iinck and the unii cell pmusm mm. durintf 
experimental etching. 

varied. Some studies have been conducted to this enoV K '° n . 
However, few lire simplistic enough, utilizing ft sinylc-giis 
chemistry or a simple feature, to iruly isolate the mecha- 
nisms involved in icururc profile evolution. 

Recently, a comprehensive investigation into feature ovu- 
lucian during hiyh-density chlorine (Cl 2 ) plus.™ cich ing in 
crystalline silicon [SiMOQ)J was conducted.- A hill ftciortal 
set of plasma conditions- -varying bias power, source power, 
and pressure-was investigated. One condition was dupli- 
cated in ii l l*r plasma- The degree of nncrommch formation 
decreased as pressure was lowered from 10 to 2 m l orr in- 
creasing bias power, or subslUutiius Cl 2 feed gas with HBr. 
[•telling rate was found to be independent of the fcaiure as- 
pect ratio. . . 

The complementary study presented here expands hat 
work by investigating Cl a plasma etching or ^crystalline 
Silicon (poly-Si.) and broadens the set of plasma conditions in 
order to provide o more detailed description ot the effect of 
plasma parameters on feature profile and to observe feature 
evolution in a common transistor gate stack material. A dis- 
cussion is conducted or the qualitative agreement between 
these experimental results and the proposed mechanisms out- 
lined earlier. 

II. EXPERIMENT 

A. Wafer preparation and etching system 

Sl(IOO) wafers 1150 mm) with thermally grown SiO, 
11 000 A thick) were used as substrates. Puly-S, films l.f) 
urn thick were deposited and then annealed at 500 u to 
achieve a polycrysnilline rather than amorphous structure. 
SiO, mask material (3000 A thick) was deposited by plasma 
enhanced chemical vapor deposition and patterned in 
CHlVSFr. plasmas using photoresist masks The resn IIP!, 
patterned oxide was used as a hardmask during the cubing 
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F,c„ 3. SchcmttUc »r Urn TCI* MQOSr™ plunui atehinji syswm. 

or the underlying poly-Si, The test pattern, along with the 
material stack, is shown in Fig. 2. The pattern consisted of 
isolated lines, isolated trenches, nested lines, nested trench^, 
and windows. Inquire length scales of nominally 0.0, 0-35, 

and 0.30 ^.m were examined. 

litching nf the poly-Si films was per tanned on a Urn 
TCP L )400S|i' m hjfih-densivy plasma etching system. I ne 
system is shown schematically in Fig. 3. The plasma was 
uenonifed by a 305 mm diameter flat coil antenna powered at 
13 5fi MHx. The substrate was biased by an independently 
commlled 13.5o MHz power supply. Wafers were electro- 
statically clumped to a substrate holder and He bacJcsidc 
cooling was used to maintain the wafer temperature ai 60 L. 

B. Experimental conditions 

The experimental variables studied were sf aouroo power 
rf bias power, chamber pressure, feed gns composition and 
now rate. Bight Ch plasma conditions and one Whir plasma 
condition, identical to those in the complementary study ol 
Si(l 00) etching were investigated (Table I, conditions 1-9). 
The parameter space was extended to include «,x more 
plasma conditions (Table I, conditions 10-b) h«i«r« 0.5 
and n.* M m deep were clehed under these 15 plasma eondi- 
lions to invcsiigatc the etTeet of aspect ratio. 

A schematic of an etched trench is shown in M6- 4. roi 
aspect ratio calculations, measurements were token ol (11 he 
rciut.ro width, (2) the distance Irom .he top ot th. 

hardmnsk to the center of the trench, and (3) tf.i*r«. # J 
distance from the lop of the hardmnsk to the bouom of the 
microtrcneh. For etching rates, nUn and J m \ Q <» were i mea- 
sured from the top of the poly-Si. From these measurements, 
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microtrpn 



ah 
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width 

Hin. 4. lltarMiun ofm^ure™™ nmt* ol dched .rune), to^ 

two etching rates t.tf llUII «/«™ «nd 4,W'i'" c l . a,1 ?J*° 
responding a^ect ratios were cnlculaied. The s.gn. canee ol 
chose .wo measurements will be discussed in Sec l» A. \ I » 
severity ol the microtrench was quantified by exp.essmg the 
microtrench depth as a percentage of rfmain- 

III. RESULTS AND DISCUSSION 

The collection of scanning electron microscopy fSBM) 
data li displayed and discussed hater wrth nn eye • toward po - 
Altaic mccLnisms. II is Important to note that any proli l 
tov observed I. not genuine, but rather an -«^»^' 0 
drift durinK the SEM process. An example of n nested truich. 
?1m t«nch. and 'isolate line alter me h-jj^-* 
with photoresist .till intact, is shown in Kg. a. Tht. 
bewail forms an angle of 82' with the wafer w^;JJ« 
angle is constant across feature type. Several profile evo lu- 
ion models shew that trench development m sens., vei o .1 , 
Lie. 4 * In this study, the ha.dmask angle remained na- 
tively constant across feature type and «». and the cftcct of 
changing this angle was not investigated. 
A. Etching rates end aspect ratio dependent etching 
(ARDE) 



(b) 
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3<0 a .a xa a.* e.o *• 
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Fig. 6. Etch nilo v. n* P eci niilo « = mTorr wBlcutaMml ubIhh ta) 



and f>) 



< /|iut;ni • 



different aspect ratios were defined as the ratio; nf the depth 

of « feature to its width: J „/•* and «Un> (Hg. 3). and 

were calculated for each irench. 

The etching rate dependence on <W"' <H a >J <nd 
/ 1 / H fFbl 6(b)] aspect ratios for nested frah.ro. .1 2 
mC t nqc feu t fferint CI, plasma conditions are plotted 

K 6. The »n»lo80u« Pic « 10 mTorr nrc shown tn , 

The datf, contain scatter, and the lines drawn ^ through the 
noints are not a linear fit. but arc meant to gu.de the eye. A* 
Scted "leh ng rotes increased with increasing source or 
S powers duc'to increased ion flu* ^J^ZZ 
Gruv (etchinR yield), respectively. Significant ARDL wa» not 
Observed eUhcr fit 2 or at 10 mTorr. This suggests that the 

' ,„ the first eight chlorine geometric shadowing ^^^SSJg^Sai 

inc to the conditions previously studied US.ng SKIOQ), two ^ ^ (lpcs nol play S1 significant role in uu»i b 

these plasma conditions. 




pete 




(o) 



(a) < b) 

Ins wiil> plwioiwixi "ill Inmui. 
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B. Nested trenches 

All features-nested trenches, nested lines, isolated lines. 

UoUtcd Senuhcs. and «™»T**!^t£!* C £. 
tive profile ^e.opn^nt Deve ^ * £^,£2™ 
will he d scusscd m delnil. lonowva oy m 
how the other feotures varied slightly Iron, the WW 
Schet. A schematic of trench bottom and sidewall *>vd- 
; with aceomptmying definitions, is s -n 'n ^ . 8 

KTW^Tho horizontal axis represen.S source power 
P ofiles etehed with 250 W source power arc shown on he 
felf and hose etched with 500 W source power are on the 
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rifiht The vertical axis represents bias power. Profiles cicped 
with 1<0 W bias power npplied are shown at the botioin. nnU 
those eiched with 250 W bi^ power applied arc on top. 

Features (nominally 0.6 /im) etched at 2 and 10 niToir, 
are shown in Fifi*. 9 nnd 10, respectively. Krom these figures. 
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it becomes clear that the shape of ihc fouum bottom and 
sidcwDll arc closely relaxed. Features thai develop a stdewall 
how with second point of inflection ("kink") near the hoc 
to, , of the trench [fV 10(a). 10(e). and 10(d) also develop 
acute microircnches ('grooves") in the trench bottoms. Fort- 
,u,-es that develop evenly tapered or bowed s.dewal b ; [ Mb>.9 
and 10(h)] cither develop rounded bottoms [Hjis.. ><b). 
and l0(bl] pr bottoms with broad mlcrotrcrwhcs L"weflB«. 

Fins. 9(c) iiiid 9(d)]. . „, 

This correlation between sidewall contour and mi- 
crotreneh behavior is consistent with Hw mechanism ot .on 
reflection. The development of bowed sidowalls may cause 
ions to -fpcus" at the trench bottom In different ways. A 
more acme sidewall angle or kink may focus n>fl«eunv«m» 
to a smaller area, causine grooves. The deve npinent crtje 
.idew.ll* themselves Is less easily cxplmncd. Ihc stdewa 
bow ami Sidewall kink that we observe have been attributed 
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mi 12 Cress scciwns or iiuminiilly 0 35 jmi ncuHd trend,*: uidwil >vilh 
dilTcKiM rfsouna and W»« P'"™* " l 10 mTon '' Kfl Mcm L,! 

to the different deposition mechanisms Hint occur during 
etching combined with off-angle ion bombardment of rlw 
ddownll Sidewall kinks avid grooves arc observed at I" 
and not at 2 mTorr. This could be attributed to increased 
deposition within the irwch at 10 mTorr and/or a change in 
ion angular distribution at the wafer tit lower pressures. 

A similar analysis holds for higa. 1 1 and J 2, where nomi- 
nally 0.35 /xm features arc shown flt 2 mid 10 m forr. respec- 
tively. Wedges overlap in 035 M m feam.es 
midal rrench bottoms [Figs. IIW. > He ■ and ltd . Ag in. 
il is observed that features with kinked sidewalls [K.ga. 
12(a). 12(c). and 12(d)] also exhibit grooves at the trench 
bottom*. At narrower fxaturc widths, we also observe more 
severe undercutting of the oxide hnrdmask [l-lgs. II, 12(b). 
and 1 2(d) I. This undercutting has been attributed to ton sca - 
rring off the neighboring hnrdmosk.'" 2 ' Ions Mattering a 
,ho hordmask a, a cons.un. angle would impac. the imdewaH 
of a neighboring feature. As .he feature width hr.nks h. 
ions impact higher on the neighboring .idcwull. causing the 
observed undercut. This is further «"*«^ * 
that no undercutting is observed in open areas, a* discussed 
in Sec III D. A more detailed discussion of ihc retot.oi.ship 
between profile development and the variables of pressure, 
source power, and bias power is undertaken below. 

1, Pressure 

Chlorine etching at 2, 10. 23. and 50 mTorr was examined 
in .his study. Cross sections of nominally 0.3> M"> ■»««» 
1S« Sad a. 2. 10. 25, and 50 mTorr 
2S(| W source power. 150 W bias power, and 80 seen CI, 
«m xhown in Fiu 13. The difference in trench prcmlei, as 

nambtr^vvas varied is striking. A. 2 mTorr wedges 
ovarian forming pyramids at the trench bottoms. A. 10 
mTorr amoves arc observed at trench bottoms in conjunc- 
S wiiHSd sidewalls. At 25 mTorr trench bottoms are 

ounded. At 50 mTorr trench sidewalls flare outward, bnng- 
Z the trench bottom to a point. The average etching rule 
and microtmncl. severity with increasing pressure • how. 

In Fig. 14. The severity of Hie microirench was quantified, as 
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(a) (b) l<0 W) 

250 W Source, 150 W Bias, 60 seem C| a 

,3, C*m Mfllcwi of nominally 0.35 *m n^d ^7'^ c, ^; , ; v ;^ 
250 W Hour,. n awcr. ISO W hius paw*. »0 scan C\ 2 . iunl l«) 2, lh> in, U) 
25, mid (il) 50 0»Tjrr clwmlwr pressure. 



define*! In gee, II B, such that -percent ^« r ™^Jf" 
- n ,) - d ■ Md^ H Y< 1 00. The etching rate is highest at 

.Jnfc. SS&Z?« 2 and 50 mTorr. Mlcn»«nch» 
vcriiy is roughly rhc same at 2 and 10 mTorr. At * mTorr. 
however, this metric becomes a misnomer as the s.dewa 1 
taper dominates the profile evolution and causes the trench 
siclewtills to come to u point. Undercut of the ox.de hardm,sk 
is observed at 2 mTorr. decreases or 10 mTorr arte is not 
observed Hi 25 or 50 mTorr. suggesting that *. a phenom- 
enon is insensitive to the broad ion ^ ,a ^ d '■ m ^. u " 0 ? ln " 
Higher pressures. As pressure is increased to >0 ml on, ions 
Jot! likely to endure a collision within *e '.heath or 
preshettth regie... widening the angular ^«.onjn- 
wider distribution eoused more ions io be reflected ,.i gtcatc 
angles fro,„ the neighboring hardmask. grentcr unde.-cu 
would be expected at higher pressures. Tins is not borne oul 
In the daia. The SiOj mask is facoied at 2 5 mTorr, w.lli the 
size of the facet increasing a| 50 mTorr. The change in angle 
of the mask sidewfttl may alter scattered ion waicc.or.es 
enough to eliminate the mask undercut. 

2. Soufoo power 

The results of etching features (nominally O.f.0 Mm) a. 
■>50 SIM, and 750 W source powers with a constant 150 w 
bias power. 10 mTorr. and 80 seem Cl 2 are shown in Hg. 5. 
Attain the correlation between microtrench format on and 

MmlMh-pc l« ' l0ted - Al 250 W sot,, ' C ° P " WCr> 
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150 W Bias, 10 mTorr, BO seem Cl a 

Kin 1 5 t'n.KS sections of nominally U ™ ^ iwkwI inndieH ""J 
1 5n W bias nownr. 1 0 mTnrr chnpnbcf presiurv. *0 Kccin Cl> awl 00 w 
Lice po«w. M Mi« W p» w »r. nnO C«J 75(1 W W.ircc power. 



wall kink may focus ions to form a groove The more 
Snidmil Mdewi.ll bow ar 300 and 750 W iiuiy defottim scat- 
tered ions to form □ broader wedge. 

Pints or average etching rule and microireneh seventy 
with increasing source power and constant \ 50 VV bias 
power, 10 mTorr, and K0 seen CU fire shown in Hfi. I6 - As 
expected. increasing source power— and therefore increasing 
ion flux— increases etching rates, even a* the bias volume 
decreases. 24 The sharp decrease in mlwoirench seventy nb- 
servedur 750 W source power is due to broadontnj. and over- 
lapping of inicrotrenchos. The actual bins voltage could not 
he directly measured on the etch tool used in this study. 

Smaller features (nominally 0.35 ^m) were etched with 
\S0 500, find 750 W source powers with u constant ISO w 
bias power, 10 mTorr. and 80 seem CI* and are shown in 
hi* 17. Here, the ofifaet of source power on hard mask un- 
dercut is more clearly ohserved. While there is very htilc 
undercut of the oxide mask at 250 W source power, the 
undercut become, pronounced at 500 and 750 W source 
power. This suggests that ihc undercut phenomenon is more 
sensitive to the flux of ions Impinging on the neighboring 
hnrdmosk than the ion energy. 
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Fin. 17. Crow rfection* of numim.lly 0.35 ,*m na»«J ln.-nch«* ^ 
150 W hi,* pmycr, I (I mTorr dwrahar pressure. H« «cin C l>. and m> -3 
Luce poJr. M !«» W mmt* paw*, owl W 750 W w P-^ur. 



jichott with 
250 W 



5. power 

Chlorine etching with 1 50, 250, and 350 W applied bins 
power wps examined in this study. Figure \H shows cross 
sections of nominally 0.35 |Wi nested irenches etched I wich 
1 50 ^50 and 350 W bias power and u consiflni 300 w 
source power, 10 mTorr, and SO seem CU. As v/as shown in 
Fifts 9-12 increasing bias power broadens microwanches 
mid AHiiomi trench bottoms. The reduction in mierotrench 
severity is even more evident nt 350 W bins power |Hg. 
18(c)] and leads to complete elimination of micro Frenches. In 
contrast to the variation of other plasma parameters, the 
ehonue In mlcrotrench profile with increasing bias power ap- 
pears to be independent of ridewoll shape. This is shown in 
Fie. ISIc). where h markedly bowed sidewall is accompanied 
hy o flat' trench bottom. This suggests that the effect of in- 
creasing bias power, and therefore increasing ion energy, 
dominate* die ion focusing mechanism. The angular distri- 
bution of ipns oi the wafer surface becomes narrower as the 
bins power, and ion energy, is increased.- 5 Higher energy 
ions are less nlTeeled by collisions in the shcarh or prcshcath 
region. In a narrow ion distribution, fewer ions impinge or, 
and ore focused by, die liuWU rwiUng m a llnttcr trench 
bottom. A summary of this effect is shown m Fig. W with 
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350 W 






(a) «b) < c > 

500 W Sourco, 10 mTorr, B0 seem Cl z 

m ir Cm« Miani of niimtnnlly 0.35 Mm m^d imnuhui wl.h 

K W «oi.,v< power, I n nflW ttanfer « nil we r 

W hlsm pewer. 3*1 W bin* power, unit u) 35(1 W blw. pi«*er. 
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■ 

plots of etching rates and microtrench severity as a funeiion 
or'bidi power.' Etching rules increase while rnicrotrencr, sc- 
vcriiy decreases wilh increased bias power. 

C. Isolated trenches 

Isolated trenches exhibited similar behavior to ihcir 
nosieU trench counterpart except for sliglu vflrtnl.ons in The 
microleururc profile. Isolated irench boaoms always exhib- 
ited slighily wider, less severe micro lea iu res than nested 
trenches. Two cases (Table I, conditions I and 3) of norm- 
nollv isolated trenches arc shown in Fig. 20. Com- 

paring Fibs. I 1(a) and 20(a) reveal a slight ruundinu or the 
isolated trench bottom compared ro the nested irench in hg. 
1 1 isolated irenches also tended to exhibit smaller grooves 
at high source power and pressure than observed in nested 
trenches. This can be seen by comparing Fifl. 12(e) to Ihig. 
->0(b.) and can be attributed variations in lithography where 
isolated trenches were slightly wider than the nested reaWres 
nominally the same widih. 

D. Isolated lines 

Isolated tine, had the same mierofeature profile > m the 
base oF the line as with the largest (nominally 0.*0 M mj 
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nasteej 
lines 



-*■ open aroa 



Isolated 
line 



40 seem Cl 2 , 500 W source, 150 W bias, 10 mTorr 

p,u ^1 Cam Minns or UI) tdjp uf a scri«s «>f ncik-U lines (nominally 

3rjm^ opv,i »rcu and (IV Mirt line O^uUy «JJ J«1 
will, «■ «*m <•> 3flU W mucvu |»ft#cr, l?u W hias ririwcr. unJ Id ml mi 
chiiinhwr prenftiifc- 

nested features. The striking different between lt.oli.ted line 
profiles and nested line profiles wos the lack ol mask under- 
cut In isolated lit.es under tiny plasma condition. I he end of 
a MOW of nested lines us well its an isolated l.ne etched with 
40 seem Ck 10 mTorr. 500 W source power, and 250 W 
bias power it shown in Fig. 21. On the open area stele of the 
lost nested line, the oxide hardmask is not undercut - In eon- 
tr«st, the last nested line does undercut the oxide mwk on the 
nested uret. side. This is consistent with the meehnmsm a 
inn reflection from the neighboring hardmask. In Isolfllwl 
lines, where there is no neither, no undercut is observed. 
The sidewafl on the open aiva of thia hist nested line is iden- 
tical to the sidowitll of the isolated line, and not the nested 
lines. Specifically. Iho nested line sidcwalls arc tapered while 
the isolated line sldewotls are vertical wilh n slmlu flare it 
(he boimoi. This sidowoll discrepancy is shared across all 
conditions and may simply be caused by the presence ol a 
nearest neighbor line. 

Two isolated lines [Figs. 22(a) ond 22(b) correspond to 
Toole 1, conditions 5 and 4, respociWely] ore shown m Hft. 
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I U, M. CraNH aeclimvi or nominally ».W **m iwPIlhI trend,-: etched with 
Sltn W wuruc power, 1 5*1 W bins power. 10 mTorr ulmmbcr pftMun : nnd IdJ 
80 seem a 3 . fbi .M seem Ch. W h» -ficm IK3 (0* /mh), and Oil Ml «ucm 
HBr. 



F«, ». Cra» wcikini of window* nominally CU3 ^ """vd *.lh Ui> «j| 

wvm C| 3 ; (to I 25U W kouiw pmtfer, 250 W bins power, 10 mTorr, r*J HU 
seem CI j. 



22. Comparing Fift. 22(a) with the corresponding ^nturos n 
fins 10(c) and 12(c), it is evident that lite sidewnll kink and 
groove arc maintained in the isolated line. The groove, how- 
ever is more severe within rhc nesred features. Comparing 
Fig 22(b) with ihu corresponding features in Figs. 9(b) anil 
1 1 lb) it is observed that ihe sidownll buw nnd feature bottom 
rounding is preserved in the open area and mask undercut is 
eliminated. 



E. Windows 

Etched windows, or vins. possessed the same sidevW.lt 
profiles us dieir ncalcd trench counterparts. The window bot- 
tom profile, however, tciulcd to resemble the isolated trench 
profile in that the seventy of microtrenches was reduced 
compared to the nested trenches. Two examples of windows 
rriu *3W and 23(b) correspond to Table I. conditions 3 and 
7. rcspecdvely] are shown in Fig. 23. In comparing Ng ( 
->3(a) with the corresponding nested trench |.Hg. 1 1(a)] una 
feolatcd trench (Fig. 20(a)], it is evident ih»i die window 
feature bottom is more rounded than In trench couniwpflW. 
in conditions where grooves were observed in the nested 
irenches. windows exhibited simitar profile development 
[compare Fig. 23(b) with Figs. H>(a) and 12(b)]. 

Windows often had smoother, flutter bottoms than even 
Hio isolated trenches. This is consistent with the fact i hat a 
window is a more -closed" feature. For window*, the three- 
dimensional olTccis of ion reflection must bo considered. Un- 
der plasma conditions that result in broad m.erotreuches he 
ihree-dlmenslonHl ion focusing in windows could flatten Ihe 
window bottoms further, as the broad microtrenches eon 
overlap in three dimensions. Under plasma conditions Hint 
result in narrow grooves, however, no overlapping occurs, 
am) the ihree-dimensionnl effects fail to play a s.gn.heunt 

role. 



F. Feed gas composition and flow rate 

etching of silicon often uses halogenatcd gases in addi- 
linn to Cli. In this study, the effects of CI,. HCI, and IIBron 
feature p'rolile evolution were investigated. Wafers were 
etched at S(|0 W source power. 150 W bias power, and 10 
mTorr pressure with Cl„ HBr. and IIP plasmas. Cross see- 
lions of nominally 0.35 tun nested trenches (0.4 /*m for 
HCI) etched under these conditions are shown in MS- 
Trenches etched with HBr have much flatter trench bottoms 
Trenches etched by plasmas containing chlorine IC.I ? or hu 
have tapercd/bowod sidewalls with an undercut ox.de hard- 
mask and shari: microtrenches. An additional expor.mcni 
was conducted to invcs.iga.c the effect of increasing res- 
dence time in the reactor nnd the CU flow was reduced from 
SO to 40 seem. The resulting profile is shown in Hg. -4(b) 
and any difference between Figs. 24(b) and 24(a) 1*0 seem) 

Average etching rates nnd mierotrench severity for dittcr- 
an i feed gases are shown in Fig. 25. Etching rates were fast- 
est in Ch, slower in HCI, and slowesi In a HBr plasma. 
Microtrench severity was dramatically reduced in HBr phw- 
mn s The reduction in the etching rate wiih decreasing halo- 
gen "reactivity Vias been reported previously, and may account 
for the decrease in micro. rench se verily. Other invutipnom. 
from this laboratory have shown that ideal trench profiles 
ght sic| e walls/fla, bottoms) form in HBr P^"" 1 """ 
of Si if oxygen is.prescnt in either the feed gas or Hem the 

presence o|'u SiOi mnsk." 
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IV. SUMMARY 

A fundamental study into fctuure evolution during the 
high-density plnsmu etching of poly-Si was conducted du- 
plicating and expanding a sister study of SHI 00) etching. 
Results are consistent between the two studies, suggesting 
that the crystalline structure plays a limited role in profile 
development during Cl : plasma etching. 

Etching rates were found to increase as source power in- 
creased from 250 to 750 W. and as bias power increased 
from MO to 350 W. Etching rales increased as pressure in- 
creased from 2 io 10 mTorr and decreased as pressure was 
luriher increased » 25 and 50 mTorr. Eiching rates were 
highest In a CI, plasma, lower in n HCI plasma, and lowcsi in 

a HBr plasma. . .. 

Micwcnehing was found to he. a strong runclion ol 
plasma parameters. Increasing source power from 250 to 75 J 
W broadened raierotrenehes. Increasing bias power tram 150- 
to 150 W eliminated microlrenchiug. Increasing pressure 
Qualitatively changed the shape of microtrenchus from n 
wedge shape at 2 mTorr, to n groove at 10 mTorr. An acute 
sidcwall flare at 25 and 50 mTorr dominated the irench pro- 
'file, minimizing mierorrench formation. Microtrcnehes were 
only observed in a CI, or MCI plosmns, not during etchmg 

^Neicd trenches, nested lines, isolated lines, isolated 
trenches, and windows till exhibited the same qua itntive pro- 
file development and trends across plasma eonthuons. so- 
hied trenches, however, exhibited less severe n^crou^hea 
In plasma eondiiions where nested town* devest 
rounded boiioms or wedges, windows exhibited even mddcr 
broad or rounded trench bottoms. In conditions where nes.ed 
features developed grooves, windows exhibited sim.la. pro- 
file development. Isolated lines exhibited qualnalivcly simi- 
lar profile development to nested features. However, the un- 
dercut of the hardmask was never observed In isolated lines 
These observations tire consistent with the mechanism ot 
micron-end! formation by focusing ions off a tapered i or 
bowed sidewall. Grooves were always observed ■ f"^' 
,|on with a sidcwall kink near the bottom ot Hi* remJv 
Rounded trench bottoms or wedges were observed In ton- 
junction with evenly upcred or bowed side walls. Tb 
lion to this is at high bias power, where fiat trench bottoms 
appeared in conjunction with bowed sidewalls. 
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